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1 Summary-Zusammenfassung 
1.1 Summary  
Zinc (Zn) is an essential micronutrient for plant growth and development, which 
plays important roles in DNA binding, metabolic, catalytic and transcriptional 
regulator activities. However, Zn deficiency is a worldwide problem due to its 
limited bioavailability in soils in many agricultural areas, often as a result of high 
CaCO3 content and high pH. In addition, phytic acid is able to strongly chelate 
cations, such as Zn2+, Fe2+, Ca2+ and Mg2+ to form the phytate salts. Phytate 
cannot be digested by human beings or other monogastric animals due to lack of 
phytase, an enzyme that can hydrolyze phytate. Therefore, Zn bioavailability in 
seeds (or grains) is restricted by phytate. Moreover, seed Zn concentration is 
also reduced by elevated CO2, especially in C3 plants, such as wheat, rice and 
soybean. Regarding to the crucial roles but limited bioavailability of Zn, here I 
present a comprehensive analysis on roots, leaves (and flowering) and seeds in 
response to Zn deficiency in the model plant Arabidopsis thaliana via three 
experiments.  
First, I investigated the transcriptional response and whole-genome DNA 
methylation profile upon Zn deficiency in roots using next-generation sequencing. 
Ionome analysis on shoots showed that Zn concentration was strongly reduced 
in Zn deficiency, whereas other nutrients were not affected. Microarray Analysis 
identified several known Zn-deficiency responsive genes, confirming the 
effectiveness of Zn deficiency in this work. However, bisulfite sequencing results 
revealed that DNA methylation was eliminated by Zn deficiency in transposable 
elements and slightly in gene bodies as well. The DNA demethylation response 
to nutrient stress was a novel finding, as reversed to previous reports about 
phosphate stress which accumulated methylation. Surprisingly, further analysis 
suggested that DNA methylation occurred independent of gene transcription. 
Nevertheless, non-CpG methylation has a potential impact on flower 
development in response to Zn deficiency.  
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The second experiment investigated the relationship between rosette size and 
flowering, and how rosette size and flowering time were regulated by Zn 
deficiency. Using natural variation population (168 Arabidopsis accessions), I 
found that flowering time was positively correlated with rosette size in early-
flowering accessions but not in late-flowering accessions. Intriguingly, the 
flowering time was delayed by Zn deficiency in these early-flowering plants and 
resulting in promotion of vegetative biomass. However, Zn-regulated flowering 
time was independent of previously reported flowering pathways. Then genome-
wide association study identified the underlying candidate gene was 
FLOWERING LOCUS T (FT) which was strongly inhibited by Zn deficiency in all 
accessions. Detailed genetic analysis confirmed this result as well. Furthermore, 
the promotion of leaf size in Zn deficiency was found being contributed by cell 
proliferation (cell number) but not cell size.  
Lastly, in the third experiment I was interested in the natural genetic variation 
in seed Zn concentration, together with iron (Fe) and manganese (Mn), in 
response to Zn deficiency. Across around 100 accessions, average seed Zn 
concentration decreased from 47.4 µg g-1 to 31.3 µg g-1 due to Zn deficiency. To 
identify candidate genes affecting seed Zn, Fe and Mn concentrations, genome-
wide association mapping was performed. A candidate gene, inositol 1,3,4-
trisphosphate 5/6-kinase 3 gene (ITPK3), was associated which is involved in 
phytate synthesis pathways. However, loss of this gene in itpk3-1 did neither 
affect phytate seed levels nor seed Zn, Fe and Mn. Nevertheless, large natural 
variance of micronutrient seed levels was identified in the population and several 
accessions maintained high seed Zn despite growth in Zn-deficient conditions.  
Altogether, this study presents comprehensive analyses in how Arabidopsis 
adapts to Zn deficiency in regard of root transcription and DNA methylation, 
flowering and leaf regulation, and seed mineral accumulation. I provided new 
possibilities of correlation between DNA methylation and gene transcription, 
which is much more complex than previously reported. I also opened a novel 
insight into flowering regulation on leaf size, resulting in promotion of vegetative 
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biomass in nutrient deficiency. Substantial natural variation of seed experiment 
indicated that the evolution process was involved in seed mineral accumulation in 
Arabidopsis, especially those accessions maintaining Zn concentration in Zn-
deficient soils are valuable for further investigations. I believe these findings in 
Arabidopsis also provide precious knowledge for plant breeders and agronomists 
who work on crops.  
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1.2 Zusammenfassung 
Zink (Zn) ist ein essentieller Mikronährstoff für das Wachstum und die 
Entwicklung einer Pflanze. Seine wesentlichen Funktionen liegen in der Bindung 
von DNA sowie in metabolischen, katalytischen und transkriptionell 
regulatorischen Aktivitäten. Aufgrund der begrenzten Bioverfügbarkeit von Zink 
im Boden, stellt Zinkmangel ein weltweites Problem dar. Vor allem 
landwirtschaftlich genutzte Böden mit hohen pH-Werten und Kalkgehalten 
limitieren die Zinkaufnahme. Zusätzlich werden Kationen (wie Zn2+, Fe2+, Ca2+ 
and Mg2+) von im Boden enthaltenen Phytinsäuren chelatiert und bilden 
zusammen das schwerlösliche Salz Phytat. Phytat kann nicht von 
monogastrischen Lebewesen wie dem Menschen aufgespalten werden, da das 
dazu benötige Enzym Phytase nicht im Verdauungstrakt vorkommt. Die 
Bioverfügbarkeit von Zn ist deshalb in pflanzlichen Samen durch den 
Phytatgehalt limitiert. Zudem führt der ansteigende CO2-Gehalt zu einer 
reduzierten Zn Konzentration im Samen, vor allem in C3-Pflanzen wie Weizen, 
Reis und Soja.  
Aufgrund der wichtigen biologischen Funktionen von Zink, aber seiner 
begrenzten Bioverfügbarkeit, wurden in diesem Forschungsprojekt verschiedene 
Effekte des Zinkmangels in der Modellpflanze Arabidopsis thaliana genauer 
analysiert.  
Zunächst wurden unter Zinkmangel transkriptionelle Veränderungen per 
Microarray und das genomweite DNA Methylierungsmuster durch genomweite 
Bisulfit-Sequenzierung in Wurzeln bestimmt. Dabei zeigte die Ionom-Analyse im 
Spross eine deutlich reduzierte Zn Konzentration in Zinkmangel-ernährten 
Pflanzen ohne Veränderungen anderer Nährstoffkonzentrationen. Auch die 
Microarray-Daten belegten einen spezifischen Zinkmangeleffekt durch 
Expressionsänderungen von mehreren Zinkmangelgenen. Die Ergebnisse der 
Bisulfit-Sequenzierung wiesen eine Reduzierung der DNA Methylierung durch 
Zinkmangel auf, welche, wenn vorhanden, hauptsächlich in 
Transposonelementen und teilweise in kodierenden Genregionen lokalisiert war. 
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Die hier durch Stress verursachte Demethylierung unterschied sich zu bereits 
beschriebenen Veränderungen der Methylierung durch Phosphormangel – dies 
könnte zu neuen Erkenntnissen im Bereich der epigenetischen Anpassung 
führen. Interessanterweise zeigten weitere Untersuchungen, dass das DNA 
Methylierungsmuster keinen direkten Einfluss auf die Genexpression hatte. 
Nicht-CpG-Methylierungen könnten unter Zinkmangel möglicherweise aber die 
Blütenentwicklung beeinflussen. 
Im zweiten Experiment wurde der Zusammenhang zwischen Rosettengröße und 
Blütezeit unter Zinkmangel bei natürlichen Population von Arabidopsis (168 
Akzessionen) genauer untersucht: Bei Frühblüher-Akzessionen korrelierte der 
Blütezeitpunkt positiv mit der Rosettengröße; Dies traf allerdings nicht bei 
Spätblütler-Akzessionen zu. Zusätzlich wurde bei diesen Frühblütlern ein bis 
dato unbekannter, verspäteter Blütezeitpunkt unter Zinkmangel beobachtet, 
welcher zu einem verstärkten vegetativen Wachstum und dadurch zu einer 
erhöhten Biomasse führte. Das dafür verantwortliche Gen FLOWERING LOCUS 
T (FT), das unter Zinkmangel in allen Arabidopsis Akzessionen stark inhibiert war, 
wurde mittels einer genomweiten Assoziationsstudie identifiziert. Des Weiteren 
konnte das verstärkte vegetative Blattwachstum unter Zinkmangel auf eine 
erhöhte Zellproliferation (Zellzahl) und nicht auf eine erhöhte Zellgröße 
zurückgeführt werden.  
Im letzten Versuch wurde unter Zinkmangel die natürliche genetische Variation 
der Zn (sowie Fe und Mn) Konzentration in Samen analysiert. In etwa 100 
Akzessionen verringerte sich unter Zinkmangel die durchschnittliche Zn 
Konzentration im Samen von 47.4 µg g-1 auf 31.3 µg g-1. Eine erneute 
genomweite Assoziationsstudie identifizierte das Inositol 1,3,4-triphosphate 5/6-
kinase 3 (ITPK3) Gen, welches in der Phytatsynthese beteiligt ist, als möglichen 
Kandidaten für die Beeinflussung der Zn, Fe und Mn Konzentration im Samen. 
Jedoch führte der Verlust dieses Gens in der iptk-1 Mutante weder zu einem 
verringerten Phytatgehalt noch zu veränderten Zn, Fe oder Mn Konzentrationen 
im Samen. Trotz Wachstum auf Zinkmangelboden wurde in der untersuchten 
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Arabidopsis Population ein hoher Mikronährstoffgehalt im Samen quantifiziert 
und mehrere Akzessionen zeigten sogar trotz Zinkmangel einen hohen 
Zinkgehalt im Samen, was auf eine evolutionäre Anpassung hindeuten könnte.  
Zusammengefasst kann gesagt werden, dass diese Studie einen umfassenden 
Einblick in die Zinkmangelanpassung von Arabidopsis thaliana liefert. Dabei 
konnten neue Erkenntnisse über die komplexe Beziehung zwischen DNA 
Methylierung und Genexpression gewonnen werden, über das Blühzeit-
beeinflusste vegetative Wachstum und über die natürliche Variation des 
Mikronährstoffhaushalts im Samen. Diese aus Arabidopsis stammenden 
Ergebnisse könnten auf Kulturpflanzen übertragbar sein und damit hilfreich für 
die Züchtung von Kulturpflanzen. 
 
  
General introduction 
7 
 
2 General introduction 
2.1 Zinc: a multifunctional but bioavailability-limited micronutrient  
Zinc (Zn) is an essential micronutrient required for plant growth and development, 
and in the meantime an important dietary source of mineral for humans 
(Marschner, 2012). Average total Zn concentration in soils is 64 mg kg-1, across 
India, China, England & Wales, Baltic Region, New Zealand, USA, Germany and 
France (Alloway, 2009). Zn is taken up predominantly as divalent cation (Zn2+); 
whereas at high pH, also taken up as a monovalent (ZnOH+) (Marschner, 2012). 
In plant system, Zn plays a crucial role in binding, catalytic and transcriptional 
regulator activities (Broadley et al., 2007). In Arabidopsis thaliana, over 2000 
genes were found to be associated to Zn functionally, including Zn-finger 
transcription factors (Broadley et al., 2007). Thus Zn deficiency induces severe 
growth and development problems in leaves and seeds (Talukdar and Aarts, 
2007).  
    Regardless of the crucial function of Zn, plant Zn deficiency is a widespread 
issue due to the limited soil bioavailability of Zn, often as a result of high CaCO3 
content and high pH, in many agricultural areas (Cakmak, 2007; Alloway, 2008). 
In addition, evidence accumulated that elevated CO2 decreased Zn concentration 
in plants, including grains that are consumed as food by animals and humans 
(Mcgrath and Lobell, 2013; Loladze, 2014; Myers et al., 2014). Furthermore, Zn 
bioavailability in seeds is strongly reduced by phytate, a hexa-phosphorylated 
inositol that serves as the major storage form of phosphorus in seeds (Raboy, 
2009). As a result, the inadequate dietary Zn intake has become a pretty 
prevalent public health problem, particularly in Sub-Saharan Africa and South 
Asia (Wessells and Brown, 2012). Therefore, Zn has attracted growing interests 
because of its multifunction and limited bioavailability. 
2.2 Transcriptional responses to adapt to Zn deficiency in Arabidopsis 
thaliana 
Unlike adaptation to nitrogen or phosphorus deficiency, root system architecture 
has limited response to Zn deficiency except for slight increment of lateral root 
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density (Gruber et al., 2013; Jain et al., 2013; Ristova and Busch, 2014).  
However, the molecular responses still widely occur in the whole plants. In the 
past two decades, impressive progress has been achieved in identification and 
characterization of Zn transporter genes responding to Zn deficiency.  
   The ZIP (ZRT, IRT-LIKE PROTEIN) gene family is the important metal 
transporter family in transporting several cations, including Zn, iron (Fe) and 
Manganese (Mn); and Arabidopsis contains 15 ZIP genes (Guerinot, 2000). 
Among them, ZIP1 to ZIP5, ZIP9 to ZIP12 and IRT3 are highly expressed under 
Zn deficiency (Grotz et al., 1998; Mortel et al., 2006; Krämer et al., 2007; Lin et 
al., 2009). ZIP1 and ZIP3 are expressed in roots, suggesting that they transport 
Zn from the soils into the plants (Grotz et al., 1998). BZIP19 (BASIC-REGION 
LEUCINE ZIPPER 19) and BZIP23  were the transcription factors that respond to 
Zn deficiency, binding to a specific motif (RTGTCGACAY) conserved in the plant 
kingdom (Assunção et al., 2010). In the bzip19bzip23 double mutant, several Zn 
transporter genes are down-regulated, indicating the crucial function of BZIP19 
and BZIP23 in controlling the expression of Zn responsive genes. In addition, 
HMA (HEAVY METAL ATPASE) family genes were also induced in response to 
Zn deficiency, like HMA2 and HMA4 (Hussain et al., 2004; Verret et al., 2004; 
Mortel et al., 2006). HMA2 and HMA4 are known to be involved in  the Zn loading 
from root symplast to xylem (Olsen and Palmgren, 2014). Zn does not travel as 
free ion, but forming the Zn-nicotianamine complex. Thus NAS 
(NICOTIANAMINE SYNTHASE) family genes act in Zn stress as well, including 
NAS2 and NAS4 (Mortel et al., 2006; Deinlein et al., 2012; Clemens et al., 2013). 
Lastly, defensin-like family proteins were recently found to be up-regulated in Zn-
deficiency assay as well (Zargar et al., 2014).  
2.3 Epigenome and epigenetic adaptation to stress in plants 
In plants, chromatin structure and DNA transcription are regulated by several 
epigenetic mechanisms, including DNA methylation, histone modifications and 
small-interfering RNA (siRNA) pathways (Henderson and Jacobsen, 2007; Zhang, 
2008; Chen, 2009; Liu et al., 2010; He et al., 2011). DNA methylation is the 
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addition of methyl groups from S-adenosyl methionine to cytosines to form 5’-
methylcytosines (Chan et al., 2005; Law and Jacobsen, 2010). In plants, DNA 
methylation occurs in the symmetric contexts CpG and CHG (where H=A, T or C), 
and the asymmetric context CHH, each of which is established and maintained in 
independent pathways (Chan et al., 2005; Law and Jacobsen, 2010; Stroud et al., 
2013). In brief, CpG methylation is maintained by METHYLTRANSFERASE 1 
(MET1) and CHG methylation is maintained by CHROMOMETHYLASE 3 (CMT3) 
by requiring the H3K9 methylation. CHH methylation is established and 
maintained by DOMAINS REARRANGED METHYLTRANSFERASES 1 (DRM1) 
and DRM2, via the RNA-directed DNA methylation (RdDM) pathway. 24 
nucleotide (24 nt) siRNAs are involved in RdDM pathway in establishing de novo 
methylation. Histone modifications are another important epigenetic marker in 
chromatin structuring and gene regulating. The fundamental unit of chromatin is 
named nucleosome that consists of around 140 nucleotides of DNA wrapped on 
histone octamer. Histone octamer contains two copies of histone proteins, 
termed H2A, H2B, H3 and H4. The amino tails of the histones are subject to be 
modified chemically, such as methylation, acetylation and phosphorylation (Liu et 
al., 2010). Arabidopsis vernalization is one classical case that the cold treatment 
changes the histone modifications of FLOWERING LOCUS C (FLC) leading to 
the acceleration of flowering (Sung and Amasino, 2004; Kim et al., 2009; 
Sheldon et al., 2009).  
    DNA methylation plays essential roles in stabilization of genome against 
transposable elements (TEs), regulation of DNA transcription and as well as 
alternative splicing (Chan et al., 2005; Zilberman et al., 2007; Law and Jacobsen, 
2010; Lev Maor et al., 2015). In Arabidopsis thaliana, CpG methylation is 
enriched at TEs as well as gene bodies, whereas CHG and CHH methylation 
predominantly occurs at TEs (Cokus et al., 2008; Lister et al., 2008; Stroud et al., 
2013).  Recent years, abundant studies revealed the potential involvement of 
DNA methylation in response to environmental stress, using low-resolution 
approaches (Chinnusamy and Zhu, 2009; Zhong et al., 2009; Tan, 2010; Wang 
et al., 2010; Karan et al., 2012). However, the high resolution analyses of whole-
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genome DNA methylation to respond stress are still limited. Using bisulfite 
sequencing, Dowen et al. (2012) presented that salicylic acid stress can induce 
alteration of widespread Arabidopsis DNA methylation and regulate the 
expression of neighboring genes (Dowen et al., 2012). Dubin et al., (2015) found 
that CHH methylation increased with temperature at TEs (Dubin et al., 2015). In 
regard to nutrient stress, it was reported that phosphate deficiency changes the 
DNA methylation pattern predominantly at TEs close to highly induced genes 
(Secco et al., 2015). 
2.4 Flowering pathways in Arabidopsis thaliana 
The appropriate decision for flowering in annual plants is crucial for their lifespan 
and under very complex genetic control by over 360 genes (Fornara et al., 2010; 
Bouché et al., 2016). The transition to flowering depends on several endogenous 
and environmental signals in Arabidopsis thaliana. Several flowering pathways 
were identified, such as photoperiod, temperature, vernalization, gibberellin and 
sugar pathways (Searle and Coupland, 2004; Fornara et al., 2010; Capovilla et 
al., 2014; Bouché et al., 2016).   
    Flowering is promoted by exposure to long days compared to short days, via 
regulating the transcription factor CONSTANS (CO); CO is able to induce the 
expression of flowering integrator FLOWERING LOCUS T (FT) (Putterill et al., 
1995; Searle and Coupland, 2004). The MADS-box transcription factor genes 
FLOWERING LOCUSM (FLM) and SHORT VEGETATIVE PHASE (SVP) have 
key roles in controlling flowering time in response to ambient temperature by 
antagonistic splicing variants FLM-β and FLM-δ (Posé et al., 2013). The SVP-
FLM-β complex is predominately formed at low temperatures to repress flowering, 
whereas the competing SVP-FLM-δ complex acts as an activator of flowering at 
higher temperatures. Another important environmental stimulus that contributes 
to flowering transition is vernalization, by requiring a few weeks cold treatment in 
prior to normal growth condition. Vernalization accelerates flowering in 
Arabidopsis via repression of the floral repressor FLC locus. FLC was inhibited 
due to the trimethylation of Lys27 of Histone H3 (H3K27me3) in exposure to cold, 
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and the repression can be maintained in subsequent mitosis at normal growth 
temperature (Sung and Amasino, 2004; Kim et al., 2009; Sheldon et al., 2009). 
Gibberellins also function as an activator of flowering transition, through the 
promotion of floral integrators FLOWERING LOCUS T (FT) and SUPPRESSOR 
OF OVEREXPRESSION OF CONSTANS 1 (SOC1)  (Hisamatsu and King, 2008; 
Mutasa-Göttgens and Hedden, 2009). In addition to the four major flowering 
pathways mentioned above, recent findings also shed light on the sugar pathway. 
Briefly, the trehalose-6-phosphate was found to control flowering time and the 
loss of TREHALOSE-6-PHOSPHATASE SYNTHASES 1 (TPS1) plants 
extremely delayed the flowering in Arabidopsis (Wahl et al., 2013; Yu et al., 
2013). Other flowering pathways involve micro RNAs. For example, miR-156 
regulates the expression of transcription factor SQUAMOSA PROMOTER 
BINDING LIKE (SPL) in the aging pathway (Wang et al., 2009; Fornara et al., 
2010).  
    In the past decade, accumulated evidence indicated that nutrients also play 
important roles in controlling flowering time. General poor-nutrition accelerates 
flowering, which was usually assumed that plants are eager to finish their life 
cycles in response to stress (Kolář and Seňková, 2008; Wada et al., 2010). 
Similarly, low nitrate also induces flowering while acting independently of 
photoperiod, gibberellin and autonomous pathways, by showing null-mutants 
effects (Marín et al., 2010). Furthermore, nitrate and phosphate were presented 
to play antagonistic roles in regulating flowering, where low nitrate induced 
flowering, but low phosphate delayed flowering (Kant et al., 2011). In addition, 
Cadmium stress (50 μM in Arabidopsis) promotes flowering via up-regulating the 
expression of CO and FT, whereas down-regulating the expression of FLC 
(Wang et al., 2012).  
2.5 Mineral concentrations in Arabidopsis seeds  
High yield and superior nutrition of seeds and grains are the ultimate pursuit for 
crop breeders and agronomists. However, seed mineral concentrations are 
threatened by several factors. One of them is phytate. The major phosphorus (P) 
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source in seeds is phytic acid, which is a myoinsitol hexakisphosphoric acid; 
phytic acid is able to strongly chelate cations, such as Zn2+, Fe2+, Ca2+ and Mg2+ 
to form the phytate salts (Maathuis, 2009; Raboy, 2009; Kumar et al., 2010; Lei 
et al., 2013). Phytate cannot be digested by human beings or other monogastric 
animals due to lack of phytase, the enzyme that can hydrolyze phytate (Holm et 
al., 2002; Raboy, 2009; Lei et al., 2013). However, detailed analysis of barley 
grains revealed that Zn and Fe clearly have different speciation and Fe was co-
fractionated with phytate, while most Zn was co-eluted with a sulfur containing 
fraction, meaning that Zn binds to peptides, rather than phytate (Persson et al., 
2009). Nevertheless, the chelated minerals are deficient biologically in human 
intestine. Another important factor is elevated CO2 which severely threatens 
human nutrition, especially reduced Zn and Fe concentration in C3 plants 
(Loladze, 2014; Myers et al., 2014). CO2 concentration is increasing, leading to 
the stronger photosynthesis for C3 plants but also a reduction of nutrients. 
Several potential reasons were supposed: carbohydrate dilution with increased 
photosynthesis; reduced transpiration also reduces mass flow of mineral 
nutrients; physiological changes alter requirements for minerals as protein 
cofactors (Mcgrath and Lobell, 2013; Loladze, 2014; Myers et al., 2014). 
Meanwhile, Zn deficiency in soils worldwide is also a problem we are facing, 
because of the reduced Zn loading in plant seeds, which also potentially affects 
human health (Alloway, 2009; Wessells and Brown, 2012). Altogether, hidden 
hunger is a new challenge for us. 
    The accumulation of edible seeds depends on a series of complex processes: 
the ion bioavailability in soils, uptake efficiency by roots, translocation to shoot 
and loading into seeds (Grusak and DellaPenna, 1999; Olsen and Palmgren, 
2014). It is very hard to identify the underlying genetics responsible for the seed 
mineral concentrations, as the multitude processes involved and mineral-specific 
uptake mechanisms.  The relationship of different mineral nutrients is also pretty 
complicated. In Arabidopsis, several studies using natural variation and/or 
recombinant inbred lines (RILs) concluded that the correlation between ion 
concentrations in different tissues was highly dependent on the growth conditions 
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and target organs (Buescher et al., 2010; Baxter et al., 2012; Ghandilyan et al., 
2012).  
2.6 Natural variation and genome-wide association studies in Arabidopsis 
thaliana 
Tremendous natural variation exists in plant growth and development within 
Arabidopsis species that originally growth in distant geographically regions, also 
termed natural accessions (Nordborg and Weigel, 2008; Weigel, 2012; Ogura 
and Busch, 2015). Different accessions are able to present extremely diversity in 
numerous phenotypes, such as root architecture, leaf shape, flowering time and 
nutrients accumulation (Pérez-Pérez et al., 2002; Lempe et al., 2005; Richard et 
al., 2011; Baxter et al., 2012; Stetter et al., 2015). Meanwhile, natural variation 
also presents a very big fundamental challenge of biology and genetics, to 
answer how the genotypic variation contributes to phenotypic variation (Nordborg 
and Weigel, 2008). Beneficial from the high-throughput next-generation 
sequencing approaches, the 1001 Genomes project enables a convenient 
evaluation of the genome, transcriptome and DNA methylome information with 
over 1000 Arabidopsis accessions (Alonso-Blanco et al., 2016; Kawakatsu et al., 
2016). 
    Forward genetics is a powerful tool to connect phenotype and genotype. In 
principle, any quantitative phenotypic differences identified can be connected to 
the underlying causative loci via mapping, including quantitative trait locus (QTL) 
mapping (Korte and Farlow, 2013). QTL mapping has been powerfully used to 
identify genome regions responsible for interested quantitative traits (e.g.  
flowering time), using RIL populations (Alonso-Blanco et al., 1998). However, 
due to the low resolution and intensive labor, there is a great interest to select or 
combine it with another efficient technique termed genome-wide association 
study (GWAS) (Nordborg and Weigel, 2008; Korte and Farlow, 2013). GWAS is 
conducted in a relatively large natural population that is at least partially 
sequenced, as its molecular markers are single nucleotide polymorphisms 
(SNPs). Small population potentially reduces the statistical significance and 
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convenience of the outcome (Ogura and Busch, 2015). However, 96 accessions 
have already been proven to be enough to produce promising candidates (Atwell 
et al., 2010). Additionally, population structure is a strong confounding factor to 
produce false discovery results, which can just be partially overcome by specific 
robust models, such as the multi-locus mixed model (Cardon and Palmer, 2003; 
Platt et al., 2010; Segura et al., 2012). Therefore, the best approach is to 
combine GWAS and QTL to increase the resolution and at the meantime to 
reduce the false discovery rate (FDR) (Nordborg and Weigel, 2008; Chao et al., 
2012; Chao et al., 2014a). Nevertheless, GWAS has been widely performed in 
enormous traits in Arabidopsis. As a landmark, Atwell et al. (2010) opened a 
novel insight for plant workers by presenting comprehensive GWAS in 107 
phenotypes in Arabidopsis though without biological confirmation (Atwell et al., 
2010). Since then, great advances have been achieved in identification of 
different Arabidopsis phenotypes using GWAS, including nutrients accumulation, 
flowering time, light sensitivity and root architecture (Brachi et al., 2010; Chao et 
al., 2012; Chao et al., 2014a; Meijón et al., 2014; Chao et al., 2014b). In addition, 
Seren et al., (2012) presented GWAPP, a web application to carry out GWAS 
user-friendly(Seren et al., 2012). GWAPP contains 1386 accessions and 206,000 
SNPs for analysis, and mixed model is available to eliminate noise of population 
structure as well. 
2.7 Research objectives 
Based on the previous knowledge in Arabidopsis of root Zn transporters, 
flowering regulation pathways and the mechanisms of seed mineral accumulation, 
this study was conceived to obtain more comprehensive knowledge in the 
adaptation strategies upon Zn deficiency. In this work, DNA methylome and 
transcriptome were analyzed, and association mapping was also conducted 
based on the natural variation. Overall, our objectives were: 
(1) To investigate the DNA methylation profile and the potential relationship 
with transcriptome in response to Zn deficiency in Arabidopsis roots; 
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(2) To evaluate the correlation between flowering time and leaf size, and how 
they are regulated by Zn genetically; 
(3) To identify the candidate genes underlying the accumulation of seed Zn, 
Fe and Mn concentrations by comparing Zn-deficient and Zn-amended 
growth conditions. 
To achieve these objectives, three articles were produced, respectively.  
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3 Publications 
The present thesis consists of three scientific articles as reflected by chapter I-III. 
Three articles have been submitted (chapter I-II) or published (chapter III). 
Chapter I 
Chen X, Schönberger B, Menz J and Ludewig U. Limited contribution of zinc 
deficiency-induced DNA demethylation to transcription in Arabidopsis thaliana 
Chapter II 
Chen X and Ludewig U. Zinc controls leaf size by promotion of FLOWERING 
LOCUS T in early-flowering Arabidopsis thaliana. 
Chapter III 
Chen X, Yuan L and Ludewig U (2016) Natural genetic variation of seed 
micronutrients of Arabidopsis thaliana grown in zinc-deficient and zinc-amended 
soil. Front. Plant Sci. 7:1070 
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4 Chapter I  
Limited contribution of zinc deficiency-induced DNA demethylation to 
transcription in Arabidopsis thaliana. 
 
Xiaochao Chen, Brigitte Schönberger, Jochen Menz and Uwe Ludewig 
Institute of Crop Science, Nutritional Crop Physiology, University of Hohenheim, 
Fruwirthstr. 20, 70593 Stuttgart, Germany 
 
Abbreviations: DEG: differentially expressed gene; DMR: differentially 
methylated region; FDR: false discovery rate; mC: methylated cytosine; TE: 
transposable element; TSS: transcription start site; Zn: zinc 
 
Summary 
DNA methylation is a genome modification that regulates transposon silencing 
and gene expression, and maintains genome stability in response to 
environmental conditions. Nutritional deficiencies are a common environmental 
stress, but little is known about whether and how these alter DNA methylation 
and whether this impacts on gene expression. The essential micronutrient zinc 
(Zn) is widely involved in many molecular and metabolic functions, and its 
deficiency activates a small set of well-known genes. Here, we found that plants 
lacking non-CpG methylation were strongly impaired by Zn deficiency. To get 
more insight into the potential role of DNA-methylation in the Zn deficiency 
response, the whole-genome methylation profile of roots was analyzed. 
Widespread differentially methylated regions, preferentially localized in 
transposable elements (TEs) were identified, irrespective of the methylation 
contexts. Genic CpG methylation was also eliminated to adapt to the adverse Zn 
situation. While highly expressed genes were more methylated in the CpG 
context, low expressed genes were predominantly methylated in non-CpG 
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contexts, but genic regions were preferentially hypomethylated by Zn deficiency, 
irrespective of the methylation contexts. Unexpectedly, Zn deficiency-induced 
DNA de-methylation had very limited contribution to transcriptomic changes in 
response to Zn deficiency. Overall, Zn deficiency leads to DNA methylation loss 
in roots that is not mirrored by differential gene transcription, while the 
relationship of Zn and non-CpG methylation needs further investigation.  
Keywords: bisulfate sequencing, DNA methylation, transcriptome, microarray, 
microRNA, S-adenosyl methionine, transposable element, zinc 
 
Introduction 
Zinc (Zn) is an essential micronutrient for many living organisms due to its 
multifunction in molecular binding, metabolism regulation and signal transduction 
(Marschner, 2012). In Arabidopsis thaliana, over 2000 Zn-related genes have 
been assigned based on the Gene Ontology molecular functions, primarily with 
binding, catalytic and transcriptional regulator activity, including Zn fingers 
(Broadley et al., 2007). Zn finger is a DNA-binding domain, where the Zn ion 
(Zn2+) is often ligated into two cysteines and two histidines by an inner 
hydrophobic core (Klug, 2010). Zn fingers are able to recognize specific DNA 
sites and regulate transcription, therefore they are integrated in the genome 
engineering tool ZFNs (Zinc-finger nucleases) (Klug, 2010; Gaj et al., 2013).  
    Despite of the importance of Zn, Zn deficiency is a widespread problem in 
plants due to the limited Zn bioavailability in soils, often as a result of high CaCO3 
content and high pH, in many agricultural areas (Cakmak, 2007; Alloway, 2008). 
Thus, plants have developed strategies to cope with low Zn availability. Unlike 
the adaptation to nitrogen or phosphorus deficiency, root system architecture has 
limited response to Zn deficiency except for slight increment of lateral roots 
(Gruber et al., 2013; Ristova and Busch, 2014; Zargar et al., 2014).  However, 
the molecular responses still widely occur in the whole plant, and the Zn 
deficiency responsive genes have been largely identified in the past two decades. 
ZIP (ZRT, IRT-LIKE PROTEIN) family genes are  the major group to transport Zn, 
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including ZIP1 to ZIP5, ZIP9 to ZIP12 and IRT3 (Grotz et al., 1998; Mortel et al., 
2006; Krämer et al., 2007; Lin et al., 2009). In addition to ZIP family genes, HMA 
(HEAVY METAL ATPASE)  and NAS (NICOTIANAMINE SYNTHASE) family 
genes were also reported to be involved in the Zn deficiency response (Hussain 
et al., 2004; Verret et al., 2004; Mortel et al., 2006; Deinlein et al., 2012; Clemens 
et al., 2013). Further, recent findings exhibited the up-regulation of defensin-like 
family proteins in Zn-deficiency assay as well (Zargar et al., 2014). Interestingly, 
the specific Zn-deficiency motif (RTGTCGACAY) was characterized, which was 
bound by the transcription factors BZIP19 (BASIC-REGION LEUCINE ZIPPER 
19) and BZIP23 (Assunção et al., 2010). 
    DNA methylation is a heritable epigenetic modification in living organisms, 
which plays essential roles in stabilization of the genome against transposable 
elements, regulation of transcription and alternative splicing (Chan et al., 2005; 
Zilberman et al., 2007; Law and Jacobsen, 2010; Lev Maor et al., 2015). In 
Arabidopsis, DNA methylation occurs in the symmetric contexts CpG and CHG 
(where H represents A, T or C), and the asymmetric context CHH, each of which 
is established and maintained in independent pathways (Chan et al., 2005; Law 
and Jacobsen, 2010). Briefly, CpG methylation is maintained by 
METHYLTRANSFERASE 1 (MET1) and CHG methylation is maintained via 
CHROMOMETHYLASE 3 (CMT3) by requiring the H3K9 methylation. CHH 
methylation is established and maintained by DOMAINS REARRANGED 
METHYLTRANSFERASES 1 (DRM1) and DRM2 via the RNA-directed DNA 
methylation (RdDM) pathway.  CpG methylation is enriched at transposable 
elements (TEs) as well as gene bodies, whereas CHG and CHH methylation 
predominantly occurs at TEs (Cokus et al., 2008; Lister et al., 2008; Stroud et al., 
2013). Non-CpG methylation is more flexible to be hypermethylated in response 
to external stress, such as suboptimal temperature or phosphate deficiency 
(Dubin et al., 2015; Secco et al., 2015). Though extensive studies were 
performed on the transcriptional level in response to Zn stress, only a limited 
number of studies have assessed the potential involvement of DNA methylation 
or histone modifications. In rats, S-adenosyl methionine (methyl donors) level 
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was reported to be decreased under Zn deficiency, therefore DNA and histone 
were both hypomethylated under Zn stress (Sharif et al., 2012). MicroRNAs are 
endogenous small RNA regulatory molecules of 20 - 24 nucleotides, which are 
also involved in response to biotic and abiotic stress in plants (Khraiwesh et al., 
2012; Bej and Basak, 2014). MiR399, miR395 and miR398 were described  to 
regulate phosphate, sulfate and copper homeostasis, respectively in plants 
(Chiou et al., 2006; Buhtz et al., 2008; Khraiwesh et al., 2012). In addition to the 
canonical RNA-directed DNA methylation (RdDM) pathway by small interfering 
RNAs, microRNAs also mediate DNA methylation in plants.   
Here, we investigated the changes in transcription and DNA methylation in 
response to Zn deficiency (-Zn) in roots. Initially, we found that -Zn severely 
impaired plant development in ddc mutants (lacking non-CpG methylation). 
Hence, we further performed a comprehensive analysis of Zn-dependent DNA 
methylation in the root. The ionome and transcriptome analyses confirmed the 
presence of Zn-deficiency and the whole-genome DNA methylome revealed that 
DNA was predominantly demethylated, especially in TEs and intergenic regions, 
in response to Zn deficiency. Unexpectedly, the Zn deficiency-induced 
hypomethylation was unrelated to gene transcription changes. MicroRNAs and 
SAM level were also stable in response to Zn deficiency. Our findings provide 
novel insights into the dynamics of cytosine methylation under Zn stress. Though 
non-CpG methylation is important to maintain normal growth under Zn-deficiency, 
while DNA is preferentially hypomethylated, the genome wide demethylation 
induced by Zn stress was independent of transcriptional changes. 
 
Results 
Mutant plants lacking non-CpG methylation were strongly impaired by Zn 
deficiency 
Non-CpG methylation, maintained by DRM1, DRM2 and CMT3, was described to 
change in response to stress more flexibly than CpG methylation (Law and 
Jacobsen, 2010; Stroud et al., 2013). On the other hand, ROS1 (REPRESSOR 
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OF SILENCING1) plays an important role in DNA demethylation (Le et al., 2014). 
Therefore, we investigated the impact of Zn-deficiency (-Zn) on the non-CpG 
hypomethylated triple mutant ddc (lacking DRM1, DRM2 and CMT3, (Stroud et 
al., 2013)) and the hypermethylated ros1 mutants. Both mutants had only mild 
growth phenotypes under control hydroponic growth conditions, as reported 
earlier. However, a bushy growth, together with shorter stems and reduced 
flower development was apparent in the ddc mutant under Zn deficiency in long 
days, while the flowering time was not affected by -Zn (Fig. 1 A and B). -Zn 
reduced the shoot biomass of the wild type, the ddc and the ros1 mutants (Fig. 
1C), a consequence of the low concentrations of the essential Zn in the shoot 
under deficiency (Fig. 1D). Moreover, the reduced shoot biomass of ddc was 
accompanied by reduced root growth under control conditions, but interestingly, -
Zn stimulated root growth in the ddc mutant to a level similar to wild type (Fig. 
1E). Furthermore, the Zn concentration in ddc roots was larger than in the wild 
type, potentially indicating that root growth, Zn uptake and/or translocation was 
targeted by non-CpG methylation (Fig. 1F). 
 
Figure 1: Zn deficiency strongly impaired flower development in Arabidopsis 
plants lacking non-CpG methylation. A, Phenotypic difference of wild type (Col-0), 
ddc mutant and ros1 mutant under +Zn (2 µM ZnSO4) and -Zn conditions. Scale bar: 5 
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cm. -Zn ddc mutant plant was enlarged in the right panel. B, Flowering time was slightly 
affected by mutants. C and D, Shoot biomass and shoot Zn concentration in wild type 
and mutants. E and F, Root biomass and root Zn concentration in wild type and mutants. 
Data plotted are mean + SD. Different letters indicate significant difference at the p<0.05 
level. 
 
 
Transcriptional responses of Arabidopsis root to Zn deficiency 
As the ddc mutant presented an interesting phenotype under the -Zn condition, 
we hypothesized that there is some interconnection between the DNA 
methylome and Zn. In order to capture also long-term processes induced by mild 
Zn-deficiency occurring over weeks and involving many cell divisions, we 
selected another Arabidopsis accession, Sf-2 instead of Col-0, which has a 
different Zn demand, flowers later and produces larger biomass than Col-0. 
Plants with full nutrition (+Zn) and Zn deficiency (-Zn) received with or without 2 
µM ZnSO4, respectively. Plants were harvested at 40-days, when Zn-deficiency 
symptoms in leaves were visible (Fig. 2A), but shoot biomass had not changed 
by -Zn at this stage (Fig. 2B). Ionome analysis of the shoot by inductively coupled 
plasma mass spectrometry (ICP-MS) confirmed the specific Zn-deficiency. 
Indeed, Zn concentration in the shoot ranged between +Zn (72.8 µg g-1) and -Zn 
(11.1 µg g-1) (Fig. 2C). All other nutrients were in the sufficient range, although 
copper (Cu) and calcium (Ca) concentrations were also slightly changed (Fig. 2 
C and D). 
    Microarray analysis was conducted on root samples in triplicate, to identify the 
differentially expressed genes (DEGs) induced by -Zn. Surprisingly, using strict 
significance thresholds, only 15 transcripts were identified at the p<0.05 level 
(Table 1, Supporting table S1). As expected, typical Zn transporter family genes, 
such as ZIP1, ZIP3, ZIP4, ZIP5 and IRT3, were up-regulated under -Zn, as well 
as NAS2, NAS4, HMA2 and the purple acid phosphatase gene PAP27. 
Interestingly, four defensin-like family proteins were also highly up-regulated by -
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Zn. The only transcript, which was down-regulated by Zn deficiency, was 
TERMINAL FLOWERING 1 (TFL1), a gene involved in the flowering process. 
qRT-PCR confirmed the microarray results (Fig. S1). 
 
 
 
Figure 2: Effectiveness of Zn deficiency. A, Visible Zn-deficiency symptoms in 
Arabidopsis leaves at 40 days. Necrosis appeared in young leaves. Scale bar: 5 cm. B, 
Dry shoot biomass in full nutrition (+Zn, 2 µM ZnSO4) and Zn deficiency (-Zn) at 40 days. 
C and D, Mineral concentrations of +Zn and -Zn shoots. Data plotted are mean + SD. * 
and *** indicate significant differences at the p<0.05 and p<0.001 level, respectively. 
 
Genome-wide DNA methylation profiling of Arabidopsis roots upon Zn 
deficiency 
To explore whether -Zn affects the genomic DNA methylation profile at single-
base resolution in Arabidopsis, whole-genome bisulfite sequencing was 
performed on root samples under +Zn and -Zn, each in triplicate. Bisulfite 
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sequencing yielded approximately 40 million clean paired-end reads for each 
sample (Supplemental table S2). Altogether, average coverage was 22.3x (7.8x 
to 29.9x) and average unique mapping rate amounted 32.3 % (15.5 % to 41.3 %). 
The relatively low mapping rate resulted from strict alignment settings to limit 
aligning mismatches (see materials and methods for details). Nevertheless, 
bisulfite non-conversion rates were very low (Supplemental table S2).  
    Among the aligned mCs (methylated cytosines), the proportion of CpG, CHG 
and CHH amounted 53.3 %, 18.0 % and 28.6 % for +Zn and 54.0 %, 16.7 % and 
29.3 % for -Zn (Fig. 3A). The methylation levels of CpG, CHG and CHH were 
22.7 %, 7.6 % and 3.0 % in +Zn, and were slightly lower in -Zn (Fig. 3B). The 
microRNA level was also decreased under -Zn conditions, which was consistent 
with the demethylation trend (Fig. 3C). Methylation was mainly distributed either 
at a very low level (0-10%) or a very high level (90-100%), irrespective of the 
different contexts (Supporting Fig. S2A-C). In addition, methylation was highly 
correlated between +Zn and -Zn in all contexts (Supporting Fig. S2D-F). 
    Further, we examined the methylation profile in different genomic features, 
including the coding sequence (CDS), intron, 5_UTR, 3_UTR, TE and intergenic 
space. As expected, TEs showed a higher methylation level than gene body 
regions. Introns were slightly more methylated than exons (Fig. 3 D-F). In 
comparison to CpG methylation, non-CpG methylation was decreased in CDS. 
    Subsequently, the methylation profile across genes and TEs were 
characterized. Cytosines were rarely methylated in gene transcription start sites 
(TSS), but then increased gradually in gene body sequences (Supporting Fig. 
S3A-C). In contrast to TSS of coding regions, the TSS of TEs showed a higher 
methylation level in all cytosine contexts (Supporting Fig. S3D-F). In general, 
higher methylation was found in +Zn in genes and TEs. This was consistent with 
the whole-genome pattern in Fig. 3B. However, -Zn occasionally also established 
novel CHG and CHH methylation in all replicates, indicating a complex 
interaction between Zn nutrition and DNA methylation. 
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Table 1.  Differentially expressed transcripts identified in microarray and methylation level 
Number Name AGI code Annotation Log2FC 
Ajusted p 
value 
Intensity 
CG CHG CHH 
+Zn -Zn +Zn +Zn -Zn +Zn 
1 ZIP1 AT3G12750.1 Zinc transporter 1 precursor 2.18 0.018 5257 3.0 3.1 0.3 0.4 0.3 0.5 
2 ZIP3 AT2G32270.1 Zinc transporter 3 precursor 2.41 0.005 6747 0.4 0.5 0.6 0.5 0.3 0.4 
3 ZIP4 AT1G10970.1 Zinc transporter 4 precursor 2.67 0.015 3616 17.9 15.5 0.8 1.0 0.4 0.4 
4 ZIP5 AT1G05300.1 Zinc transporter 5 precursor 2.80 0.021 1965 0.2 0.3 0.2 0.2 0.3 0.3 
5 ZIP5 AT1G05300.2 Zinc transporter 5 precursor 2.25 0.015 36 0.2 0.3 0.2 0.2 0.3 0.3 
6 IRT3 AT1G60960.1 Iron regulated transporter 3 2.15 0.007 6562 6.2 5.6 0.4 0.2 0.3 0.3 
7 NAS2 AT5G56080.1 Nicotianamine synthase 2 4.49 0.012 186 1.1 0.6 0.7 0.2 0.3 0.3 
8 NAS4 AT1G56430.1 Nicotianamine synthase 4 5.62 0.023 71 6.2 2.4 2.3 0.2 1.0 0.4 
9 HMA2 AT4G30110.1 Heavy metal atpase 2 4.43 0.026 495 6.4 6.5 0.3 0.4 0.3 0.3 
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Table 1.  Continued 
Number Name AGI code Annotation Log2FC 
Ajusted p 
value 
Intensity 
CG CHG CHH 
+Zn -Zn +Zn +Zn -Zn +Zn 
10 PAP27 AT5G50400.1 Purple acid phosphatase 27 2.01 0.025 1911 12.7 10.3 0.4 0.3 0.4 0.3 
11 DEFL AT1G34047.2 Defensin-like family protein 10.49 0.008 530 0.6 0.6 0.3 0.4 0.3 0.6 
12 DEFL AT2G36255.1 Defensin-like family protein 10.60 0.012 313 0.2 0.3 0.0 0.0 0.5 0.5 
13 DEFL AT3G59930.1 Defensin-like family protein 8.71 0.036 512 2.5 0.3 2.0 0.2 1.1 0.5 
14 DEFL AT4G11393.1 Defensin-like family protein 8.50 0.012 372 0.0 0.1 0.0 0.2 0.0 0.2 
15 TFL1 AT5G03840.1 Terminal flower 1 -1.48 0.025 91 0.1 0.6 0.5 0.3 0.4 0.4 
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Figure 3: Description of methylation profile. A, Relative proportion of CpG, CHG and 
CHH methylation. B, Methylation level of CpG, CHG and CHH under +Zn and -Zn 
conditions. Data plotted are mean + SD. C, microRNA level in the harvested root 
samples. D-F, Methylation level in CDS, intron, 5-UTR, 3-UTR, TE and intergenic region. 
 
Differentially methylated regions induced by Zn deficiency 
Next we set out to identify Zn-induced differentially methylated regions (DMRs), 
by Bioconductor’s bsseq package (Hansen et al., 2012). Default settings were 
carried out to find DMRs. In brief, methylation calls with coverage of at least 2x in 
at least 2 replicates were included in further analysis. Subsequently, DMRs were 
eliminated, that did not have at least 3 mCs and a mean difference between +Zn 
and -Zn less than 0.1, at the FDR < 0.025 level. Thereby, 4809 DMRs in CpG, 
1701 DMRs in CHG and 547 DMRs in CHH were determined (Fig. 4 B-D). DMRs 
in the CpG context were mainly located in CDS, TEs and intergenic regions, 
whereas DMRs in non-CpG contexts occurred predominantly in TEs (Fig.4).  
Interestingly, most DMRs belonged to the hypomethylated group (lower 
methylation in -Zn relative to +Zn), indicating the demethylation under -Zn. 
However, -Zn also recruited new methylation, but those non-CpG 
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hypermethylation preferentially occurred in TEs rather than in gene body (Fig. 4 
C-D). The DMR density across the genes provided a clear landscape that most 
CpG-DMRs appeared in the gene body, whereas non-CpG DMRs predominantly 
occurred in flaking regions (Supplementary Fig. S4A-C).  Nevertheless, most 
DMRs were found in TEs, while very few were detected in flaking regions 
(Supplementary Fig. S4D-F).  
 
Effects of DNA methylation on gene expression 
To determine whether genomic DNA methylation affects global gene expression, 
we divided all transcripts into three classes based on their average expression 
intensity in the microarray analysis, namely high-expression (top 1/3，N=10709), 
medium-expression (middle 1/3, N=10709) and low-expression (bottom 1/3, 
N=10710). As shown in Supporting Fig. S5, average expression density was 
approximately 10.5 in high-expression genes, 6.8 in medium-expression genes 
and only 3.0 in low-expression genes. Non-methylated regions were excluded 
before calculating the average methylation level in different groups, as these 
regions diluted the methylation level across genes. In general, the methylation 
level in CpG was much higher than in non-CpG across all genes (Fig. 5 A-C). A 
slightly higher CpG methylation pattern was detected in high-expression genes, 
whereas non-CpG methylation was preferentially found in low-expression genes. 
As expected, +Zn significantly increased the methylation level, irrespective of the 
expression intensity and the methylation contexts (Fig.5 A-C). This was 
compatible with the whole-genome methylation profile. 
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Figure 4: Distribution of differentially methylated regions (DMRs) in different 
genomic features. A, DMR proportion in different genomic features. B-D, DMR 
amounts in different genomic features. Hyper and hypo indicate hypermethylation and 
hypomethylation in the -Zn relative to the +Zn treatment.   
 
 
 
Figure 5: Gene body methylation level in different expressed gene groups in the 
whole genome. *** indicate significant difference at p<0.001 level. Green lines in B and 
C present the deviated values. 
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A slightly higher CpG methylation pattern was detected in high-expression genes, 
whereas non-CpG methylation was preferentially found in low-expression genes. 
As expected, +Zn significantly increased the methylation level, irrespective of the 
expression intensity and the methylation contexts (Fig.5 A-C). This was 
compatible with the whole-genome methylation profile. 
    Next we asked whether methylation and/or differential methylation occurred in 
Zn-deficiency responsive genes that encode those fifteen transcripts that were 
identified in the microarray analysis (Table 1). The gene bodies of these DEGs 
were rarely methylated in all contexts (Table 1). The closest DMRs indicated 
hypomethylation in nearby regions, but not all of these transcripts overlapped 
with DMRs (Table 2). Especially the CHH methylation was far distant to these 
genes. Considering a distance of maximally 3 kb between DMRs and genes that 
might still be relevant to transcription, upstream hypomethylation in ZIP1 and 
ZIP3, but downstream hypomethylation was found in IRT3 and NAS2. PAP27 
was the only transcript hypomethylated in upstream and gene body regions. 
AT1G34047.2, located very close to DMRs, was hypermethylated in the CpG 
context, but hypomethylated in the CHG context. Additionally, the defensing-
encoding DEFL AT4G11393.3, was hypermethylated in downstream sequences. 
However, there was no consistent pattern, questioning a causal relationship 
between DEGs and DMRs. Nevertheless, Zn deficiency tended to erase 
methylations in or nearby to DEGs. 
    Then we selected genes that were covered by DMRs, in gene body and 2-kb 
upstream sequences. Furthermore, we also selected genes that are in 2-kb 
distance associated to TEs, which were covered by DMRs. For these genes, -Zn 
induced methylation alterations and transcriptional changes were compared. 
Surprisingly, there was clearly a lack of correlation between differential 
methylation and mRNA abundance, irrespective of the mC contexts (Fig. 6), 
indicating that both processes are independent. Moreover, this pattern was also 
found in the entire genome (Supporting Fig. S6). 
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Table 2.  Closest DMRs to the differentially expressed transcripts. 
Transcripts Closest DMR_CpGs Closest DMR_CHGs Closest DMR_CHHs 
Number Name AGI code Type Location Distance (bp) Type Location Distance (bp) Type Location Distance (bp) 
1 ZIP1 AT3G12750.1 hypo upstream 1413 hyper downstream 112111 hypo downstream 65491 
2 ZIP3 AT2G32270.1 hypo upstream 1612 hypo upstream 1367 hypo downstream 69565 
3 ZIP4 AT1G10970.1 hypo downstream 8035 hypo downstream 117338 hyper downstream 159313 
4 ZIP5 AT1G05300.1 hypo downstream 22332 hypo downstream 99594 hypo upstream 22212 
5 ZIP5 AT1G05300.2 hypo downstream 22442 hypo downstream 99704 hypo upstream 22322 
6 IRT3 AT1G60960.1 hypo downstream 1950 hyper downstream 27221 hypo downstream 145289 
7 NAS2 AT5G56080.1 hypo downstream 2452 hypo downstream 35942 hypo downstream 198989 
8 NAS4 AT1G56430.1 hypo downstream 6882 hyper upstream 8086 hypo upstream 52813 
9 HMA2 AT4G30110.1 hypo upstream 46524 hypo upstream 88708 hypo upstream 459915 
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Table 2.  Continued. 
Transcripts Closest DMR_CpGs Closest DMR_CHGs Closest DMR_CHHs 
Number Name AGI code Type Location Distance (bp) Type Location Distance (bp) Type Location Distance (bp) 
10 PAP27 AT5G50400.1 hypo gene body 1217 hypo upstream 1187 hypo downstream 113440 
11 DEFL AT1G34047.2 hyper upstream 190 hypo upstream 557 hypo upstream 53258 
12 DEFL AT2G36255.1 hypo downstream 10721 hypo downstream 66379 hyper upstream 67029 
13 DEFL AT3G59930.1 hypo downstream 18844 hypo downstream 18792 hypo upstream 19932 
14 DEFL AT4G11393.1 hyper downstream 20906 hyper downstream 2246 hypo downstream 86277 
15 TFL1 AT5G03840.1 hyper downstream 52498 hypo downstream 148868 hypo upstream 317983 
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Figure 6: Independence of gene transcription from DNA methylation at DMRs. A-C, 
Gene body methylation. D-F, Promoter methylation. Promoter was defined as 2-kb 
upstream distance to transcription start site (TSS). G-I, Transposable element (TE) 
methylation. TEs either overlapped with gene bodies, or located at 2-kb upstream 
distance to gene transcription start sites. 
 
Single-cytosine Methylation in Zn deficiency responsive motif 
On account of limited DNA methylation alteration in DEGs, we further analyzed the 
single-cytosine methylation in Zn deficiency responsive motif (RTGTCGACAY) in 
promoters, which was previously identified to be bound by transcription factors BZIP19 
and BZIP23 in response to Zn deficiency (Assunção et al., 2010). This 10 bp motif 
contains two cytosines, which are CpG and CHH methylation, respectively. By alignment 
to TAIR10, we found 84 genes contain this motif in their promoters without mismatch, 
including ZIP4, ZIP5, IRT3 and two defensin-like genes (AT1G34047 and AT4G11393), 
which were identified in microarray analysis (Supporting Table S3). Then 57 of 84 genes 
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were overlapped with the methylome data due to the sequencing coverage. Methylation 
level of first cytosine (CpG) was 3.01 in +Zn and 3.06 in -Zn across all these genes, 
while it was 0.19 and 0.36 for second cytosine (CHH) (Supporting Table S4).  
 
S-adenosyl methionine level in response to Zn deficiency 
Due to the unexpected preferential demethylation induced by Zn deficiency, the amounts 
of S-adenosyl methionine (SAM), the donor of methyl groups, were quantified. However, 
the SAM level was maintained under Zn deficiency, excluding the possibility that this 
substrate was limiting in -Zn (Supporting Fig. S7).  
 
Discussions 
Plants have developed a number of strategies to adapt to environmental stress. 
Nutritional deficiency is considered to be a crucial stress for plants. As an 
essential micronutrient, Zn is involved in vital molecular and metabolic functions 
(Broadley et al., 2007). However, little is known about DNA methylation or 
chromatin profile in response to Zn deficiency and its potential impact on 
transcription. Therefore, we performed a growth experiment with DNA 
methylation mutants to test whether the Zn status interacts with DNA methylation. 
Interestingly, we found that Zn deficiency altered plant development in plants 
lacking non-CpG methylation (ddc mutant), but increased the root biomass 
compared to control conditions (Fig. 1). However, ros1 mutants showed a similar 
phenotype as wild type plants (Col-0). This suggested an interaction between Zn 
and non-CpG methylation, which might target also flower development. Previous 
studies reported that the SUPERMAN gene is silenced by hypermethylation in 
SUPERMAN epigenetic alleles, resulting in an abnormal flower structure 
compared to wild type (Jacobsen and Meyerowitz, 1997; Ito et al., 2003). 
Furthermore, FWA (FLOWERING WAGENINGEN) is a floral repressor; and 
hypermethylation in promoters of FWA inhibits the gene expression in wild type, 
whereas fwa-1 mutants showed late flowering due to lack of methylation (Soppe 
et al., 2000). In addition to flowering regulation, ddc mutants presented higher Zn 
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accumulation in roots compared to the wild type, indicating an interaction 
between Zn supply and DNA methylation in roots as well. Hence, we further 
conducted a comprehensive analysis in gene transcription and DNA methylation 
of the root. 
We then established Zn-deficient growth conditions with minimal phenotypic 
consequences, to reduce secondary developmental effects and focus on the Zn-
deficiency response. The Arabidopsis thaliana accession Sf-2, which is late 
flowering and able to produce a higher biomass than Col-0, was therefore 
selected. After 6 weeks, Zn deficiency-induced necrosis appeared in leaves 
without changing the whole shoot biomass. 11.1 µg g-1 of Zn was still 
accumulated under -Zn conditions, although no additional Zn was supplied, 
indicating a Zn contamination from the used chemicals. The pots, deionized 
distilled water or the around 40 µg g-1 of Zn per seed (Chen et al., 2016) were 
excluded as contaminants. Nevertheless, Zn-supplied plants accumulated 
significantly higher Zn. In addition, -Zn stress did not affect other nutrients 
homeostasis, although Ca and Cu uptake was slightly changed, but both were 
still sufficient for optimal growth (Fig. 2). Therefore, the abnormal symptoms in -
Zn plants were definitely caused by Zn deficiency. Moreover, the transcriptional 
responses confirmed Zn-deficiency specificity. Surprisingly, only fifteen 
transcripts were differentially expressed upon Zn deficiency, including the 
important Zn-deficiency responsive genes ZIP1, ZIP3, ZIP4, ZIP5, IRT3, NAS2, 
NAS4, HMA2 and PAP27 (Grotz et al., 1998; Mortel et al., 2006; Wong et al., 
2009). Further, several genes encoding defensin-like proteins, previously not 
transcriptionally up-regulated by Zn-deficiency were among the most differentially 
regulated genes. Interestingly, defensin-like proteins had been identified in the 
Zn-deficiency response proteome (Zargar et al., 2014). All these transcripts were 
up-regulated, to mobilize Zn or increase uptake of Zn. By contrast, TFL1 was 
down-regulated under -Zn, potentially indicating an involvement of Zn in the 
flowering regulation of Arabidopsis. Taken together, the ionome and 
transcriptome data confirmed a Zn-specific effect in the current study. 
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    Previous microarray analysis identified over 300 differentially expressed 
transcripts in response to Zn deficiency (Mortel et al., 2006). The smaller number 
of identified genes in this study might be a consequence of the different 
accession, different growth conditions and the heterogeneity among the three 
biological replicates. Indeed, using less stringent quality parameters, another 50 
transcripts, including additional Zn transporters and carbonic anhydrases, 
appeared also 4-fold differentially expressed between +Zn and -Zn 
(Supplemental table S1). On the other hand, the relatively late harvest 
developmental stage (long days in this study, compared to short days in the 
previous microarray analysis (Mortel et al., 2006), potentially induced nutrient 
reallocation to the following reproductive growth. Secco et al. (2015) also found 
that large amount phosphate-deficiency responsive genes were recovered at 52 
days compared to 21 days due to floral transition in rice (Secco et al., 2015). 
To date, limited studies have investigated the whole-genome DNA methylation 
profile upon adverse nutritional stress and potential regulation on transcription 
(Dowen et al., 2012; Dubin et al., 2015; Secco et al., 2015). Secco et al., (2015) 
recently presented that phosphate deficiency-induced gene expression drove 
DNA hypermethylation at adjacent TEs to stabilize the genome in rice, but almost 
not in Arabidopsis, implying species-specific mechanisms. However, our study 
showed that Zn-deficiency impacts on DNA methylation (and vice versa) in 
Arabidopsis. Further, Zn deficiency-induced DMRs were not only enriched in TEs 
in non-CpG contexts, but also occurred in exons and TEs in CpG contexts (Fig. 
4). All these observations implicated a nutrient-specific effect on the DNA 
methylation response.  
    DNA methylation plays crucial roles in regulating transcription and alternative 
splicing (Chan et al., 2005; Zilberman et al., 2007; Law and Jacobsen, 2010; Lev 
Maor et al., 2015). However, little interaction was established between Zn-
induced DMRs and transcriptional responses in the present work. Only seven 
DEGs were differentially methylated in 3-kb distances to the genomic regions and 
only in CpG and CHG contexts, whereas most of the de novo CHH methylation 
was not changed by Zn deficiency in or close to DEGs (Table 2). This was 
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inconsistent with previous findings, where the CHH methylation is described to be 
the most flexible context to adapt to environmental stress (Dowen et al., 2012; 
Dubin et al., 2015; Secco et al., 2015). The lack of correlation between 
methylation differences and mRNA changes implied stress-specific effects in 
plants. On the other hand, it was argued that gene body methylation is a 
consequence of transcription rather than a cause (Teixeira and Colot, 2009; 
Inagaki and Kakutani, 2012). Kawakatsu et al., (2016) recently showed that the 
Arabidopsis accession Cvi-0 presented much less methylation, but a similar 
whole-genome transcription level, in comparison to other accessions (Kawakatsu 
et al., 2016). Additionally, Secco et al., (2015) suggested that transcriptional 
changes occur prior to methylation changes in rice as well (Secco et al., 2015). 
All these assertions demonstrated that transcription does not rely on DNA 
methylation, and the latter is also strongly determined by specific stresses. 
Single-cytosine methylation was further analyzed in the 57 genes that contains 
Zn deficiency motif (RTGTCGACAY) in promoters. Not all 15 DEGs were 
included in these genes that contains the motif might because of few base-pair 
mismatches as previously reported (Assunção et al., 2010). Methylation level of 
these cytosines was also not distinguishable between two Zn treatments 
(Supporting Table S4). It was recently reported that only 76% (248 of 327) 
transcription factors shape the Arabidopsis epicistrome (O’Malley et al., 2016). 
    Furthermore, due to the general demethylation pattern in Zn deficiency, we 
also investigated whether the methyl donors were affected by -Zn. In rats, the S-
adenosyl methionine level has been reported to be decreased under Zn 
deficiency, therefore DNA and histones were both hypomethylated under Zn 
stress (Sharif et al., 2012). However, Arabidopsis S-adenosyl methionine level 
was maintained in Zn deficiency, excluding the possibility of scarce methyl donor 
effect in the downstream regulation (Supporting Fig. S7).   
Altogether, we assumed that Zn deficiency erased DNA methylation in TEs 
irrespective of the cytosine contexts (Fig. 7). Genic CpG methylation was also 
removed to adapt to the adverse Zn situation. However, a causal correlation 
between Zn deficiency responsive genes and DNA methylation appears unlikely.  
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Figure 7: Schematic model of DNA methylation in response to Zn deficiency. Zn 
deficiency erased DNA methylation in TEs in CpG and non-CpG contexts. Genic CpG 
methylation of non-ZDR genes was also removed to adapt to the adverse Zn situation. 
ZDR genes were rarely methylated, and those methylations were not affected by Zn 
deficiency. ZDR genes represent Zn deficiency responsive genes. 
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Conclusion 
This study presented that Zn deficiency impaired development in ddc mutants. 
Therefore, we further analyzed Zn deficiency-induced DNA methylation and 
transcriptional changes in roots. Ionome and transcriptome data confirmed the 
Zn-deficiency effectiveness. Whole-genome bisulfite sequencing was performed 
to provide insights in the Zn stress-induced methylation profile. However, unlike 
the phosphate or suboptimal temperature stress, Zn deficiency predominantly 
erased methylation in TEs in non-CpGs, and also removed CpG methylation in 
both genic regions and TEs. Unexpectedly, the Zn deficiency-induced 
demethylation made limited contribution to the transcriptional response. This 
study suggests that the relationship between stress-induced transcription and 
methylation was much more complex than previously described. 
 
 
 
Experimental Procedures 
Plant materials, growth conditions and sample collection 
Arabidopsis thaliana accession Col-0 was used in the mutant experiments. ddc 
and ros1 mutants were in Col-0 background. Another accession Sf-2 was used 
for all other studies, due to a higher biomass production, beneficial to limit Zn 
bioavailability in plants. Plants were grown in hydroponic system in a growth 
chamber in triplicate. A modified Hoagland’s solution was supplied, containing 1 
mM NH4NO3, 1 mM KH2PO4, 0.5 mM MgSO4, 1 mM CaCl2, 0.1 mM Na2EDTA-Fe, 
2 µM ZnSO4, 9 µM MnSO4, 0.32 µM CuSO4, 46 µM H3BO3, 0.016 µM Na2MoO4 
and with or without 2 µM ZnSO4, resulting in +Zn or -Zn conditions. The growth 
conditions were generally set as: long days (16h light / 8h dark), 22°C light / 20°C 
dark, 120-140 µmol m-2 s-1 and 60% humidity. At 40-days, shoot and root 
samples were separately harvested with liquid nitrogen, before storing in -80°C 
for further analysis. 
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Ionome analysis  
Harvested samples were dried at 60 °C before grinding. Around 0.5 g ground 
material was digested with 5 ml 69 % HNO3 and 4 ml 30 % HCl for 1 hour. 
Afterwards, samples were microwaved at 170 °C for 25 min and followed by 40 
min at 200 °C. The extract was measured by ICP (Inductively Coupled Plasma), 
to determine concentrations of P, K, Ca, Mg, B, Zn, Cu, Fe, Mn, Mo and Na. 
Additionally, approximately 5 mg ground material was used to quantify N and S 
concentrations by Elemental Analyser (HEKAteck GmbH, Germany).  
Total RNA isolation and transcriptome analysis 
Total RNA of 40-days-old root samples was extracted using the innuPREP Plant 
RNA Kit (Analytik Jena, Germany). Each treatment contained three independent 
biological replicates. All RNA samples were sent to OakLabs (Germany) for 
transcriptome analysis on single-channel microarrays. Raw data analysis was 
performed using Bioconductor’s limma package (Ritchie et al., 2015). 
Differentially expressed genes were calculated after background correction, data 
normalization and linear modelling. The resulting p values were adjusted by the 
Benjamini-Hochberg approach to control the false discovery rate (Benjamini and 
Hochberg, 1995). Genes were considered to be significantly different expressed, 
if the adjusted p value < 0.05. 
Genomic DNA extraction and bisulfite sequencing 
Genomic DNA of 40-days-old root samples was extracted using the DNeasy 
Plant Mini Kit (Qiagen, Germany) in triplicate for each treatment. DNA samples 
were sent to Beijing Genomics Institute (BGI, China) for whole-genome bisulfite 
sequencing. Briefly, the MethylC-Seq library was constructed and sequenced 
with 100 bp paired-end, using Illumina Hiseq2000. 
DNA methylation data processing 
Raw data was filtered to remove the low-quality reads, including three types: 
adapter sequences, N base number over 10%, number of low-quality base (less 
than 20) over 10%. Clean data was mapped to TAIR 10 reference genome (The 
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Arabidopsis Information Resource, http://www.arabidopsis.org/), using Bismark 
(Krueger and Andrews, 2011). Default settings were carried out except that the 
score_min was set as L,0,-0.6, before removing PCR duplicates with SAMtools 
(Li et al., 2009). Bismark_methylation_extractor was conducted to call the 
cytosine methylation in CpG, CHG and CHH contexts. Then 5 bp and 3 bp bias 
bases were removed from 5’-end and 3’-end respectively, according to the M-
bias plots produced by the Bismark methylation extractor. 
    DMR calling was performed using BSmooth in Bioconductor’s bsseq package 
with default settings (Hansen et al., 2012). Briefly, bedGraph output files were 
smoothed, before computing t-statistics. Only keeping CpGs/CHGs/CHHs where 
at least 2 replicates in each treatment have at least coverage of 2x. Then 
dmrFinder was used to find DMRs. DMRs were filtered out, which did not cover 
at least 3 CpGs/CHGs/CHHs or showed a mean difference less than 0.1. The 
qcutoff and maxGap was set as 0.025 and 300 bp. 
    DMRs were mapped to genomic elements using TAIR10 annotations. 
Positions and regions were hierarchically assigned to annotated features in the 
order CDS > intron > 5-UTR > 3-UTR > transposable element > intergenic region. 
Intergenic regions were defined as those that were neither annotated with gene 
bodies nor transposable elements. The mapping was performed using bedtools 
(Quinlan and Hall, 2010). 2-kb upstream sequences of gene bodies were also 
overlapped with DMRs to indicate promoter regions. 
Quantitative RT-PCR analysis 
Around 1 µg of total RNA was used to synthesis the cDNA library using the 
QuantiTect Reverse Transcription Kit (Qiagen, Germany). Gene-specific primes 
for qRT-PCR were designed according to the Arabidopsis genome sequence 
information of TAIR 10 (https://www.arabidopsis.org/) and Primer-BLAST 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Additionally, primer quality was 
controlled using PCR Primer Stats 
(http://www.bioinformatics.org/sms2/pcr_primer_stats.html). Primers were 
ordered from Invitrogen (United States) and listed in the Supplemental Table S3. 
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For the PCR procedure, 15 µl reactions were carried out, containing 6 µl 20x 
diluted cDNA, 7.5 µl SYBR Green Supermix (KAPA Biosystems, United States), 
0.3 µl forward primers, 0.3 µl reverse primers and 0.9 µl RNase-free H2O. The 
reactions were conducted in 384-well plates in RT-PCR systems (Bio-Rad, 
United States). The standard protocol was set as: 3 min at 95 °C, followed by 44 
cycles of 3 sec at 95 °C, 25 sec at 60 °C, and then 5 sec at 65 °C for providing 
the melt curve. Two reference genes, SAND (At2g28390) and PDF2 (At1g13320), 
were used. Reactions were performed in 3 technical replicates and 3 biological 
replicates. Relative transcript levels were calculated with the 2-ΔΔCT method by 
the Bio-Rad software (Livak and Schmittgen, 2001). 
MicroRNA extraction and quantification 
MicroRNA was extracted using innuPREP Micro RNA Kit (Analytik Jena, 
Germany), followed by a quantification using the Small RNA Analysis Kit in 
Agilent 2100 Bioanalyzer (Agilent, United States), according to the manual 
instructions. 
S-adenosyl methionine determination 
The S-adenosyl methionine level was determined with Bridge-It® S-Adenosyl 
Methionine (SAM) Fluorescence Assay Kit (Mediomics, United States), following 
the manufacturer’s instruction. Briefly, 0.3 g frozen ground root samples were 
shaken in soluble protein extraction buffer at 4 °C for 30 minutes, before spinning 
at 12,000 rpm for 10 minutes. 30 µl of the supernatant was transferred to 30 µl of 
CM Buffer (included in the kit) and incubated at 24 °C for 1 hour. Suspension 
was centrifuged at 10,000 g in 4 °C for 5 min, and the supernatant was collected 
to measure the fluorescence. The excitation and emission absorbance were 485 
nm and 655 nm, respectively. 
Statistical analysis 
Data analysis, graphs and statistics were done using R (https://www.r-
project.org/). The significant difference of mean for all traits in this study was 
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performed by t-test. Multiple comparisons were conducted using Tukey HSD 
method. 
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Supporting tables and figures 
 
Supporting Table S1: Full list of microarray evaluation (data not shown). 
 
Supporting Table S2: Description of whole-genome bisulfite sequencing. 
 
Clean 
reads 
Unique 
mapping rate 
(%) 
Multiple 
mapping rate 
(%) 
Bisulfite non-
conversion rate 
(%) 
Average 
coverage 
+Zn_R1 37491819 31.7 5.8 0.4 19.0 
+Zn_R2 36702677 28.8 5.7 0.4 16.9 
+Zn_R3 30004414 15.5 2.9 0.3 7.5 
-Zn_R1 44103843 39.0 7.3 0.6 27.6 
-Zn_R2 47999999 37.2 4.9 0.5 28.6 
-Zn_R3 43313476 41.3 7.8 0.5 28.7 
Average 39936038 32.3 5.7 0.5 21.4 
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Supporting Table S3: 84 genes that contain Zn deficiency responsive motif in 
promoters. (red indicates the gene was changed in microarray analysis) 
Nr. AGI code Nr. AGI code Nr. AGI code Nr. AGI code 
1 AT1G02700 22 AT1G34047 43 AT3G08960 64 AT4G20470 
2 AT1G03190 23 AT1G47810 44 AT3G09240 65 AT4G20730 
3 AT1G05300 24 AT1G50550 45 AT3G09250 66 AT4G22720 
4 AT1G05340 25 AT1G60960 46 AT3G10815 67 AT4G38050 
5 AT1G08010 26 AT1G60960 47 AT3G10820 68 AT4G39795 
6 AT1G10970 27 AT1G63810 48 AT3G11160 69 AT5G02090 
7 AT1G12640 28 AT1G64405 49 AT3G16730 70 AT5G02100 
8 AT1G16858 29 AT1G65907 50 AT3G19120 71 AT5G04420 
9 AT1G16860 30 AT1G77920 51 AT3G26150 72 AT5G14740 
10 AT1G17340 31 AT1G80420 52 AT3G45460 73 AT5G18170 
11 AT1G23330 32 AT2G05020 53 AT3G50610 74 AT5G23350 
12 AT1G24260 33 AT2G15970 54 AT3G59068 75 AT5G26770 
13 AT1G24800 34 AT2G22760 55 AT4G04990 76 AT5G29041 
14 AT1G24881 35 AT2G24440 56 AT4G11393 77 AT5G41570 
15 AT1G25055 36 AT2G26200 57 AT4G13840 78 AT5G41600 
16 AT1G25150 37 AT2G32800 58 AT4G14670 79 AT5G44750 
17 AT1G25211 38 AT2G34250 59 AT4G16144 80 AT5G51870 
18 AT1G27840 39 AT2G45920 60 AT4G16450 81 AT5G51880 
19 AT1G31260 40 AT2G46600 61 AT4G16610 82 AT5G62160 
20 AT1G31270 41 AT2G47060 62 AT4G18650 83 AT5G62990 
21 AT1G32600 42 AT3G01500 63 AT4G20460 84 AT5G63380 
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Supporting Table S4: Single-cytosine methylation level of 57 genes that contain Zn 
deficiency responsive motif in promoters. 
Cytosine 1_CpG 
AGI  Chromosome Coordinate Methylation_+Zn Methylation_-Zn 
AT1G03190 chr1 775132 0 0 
AT1G05300 chr1 1548677 0 0 
AT1G10970 chr1 3667175 0 0 
AT1G16858 chr1 5767231 0 0 
AT1G16860 chr1 5767231 0 0 
AT1G17340 chr1 5933215 0 0 
AT1G23330 chr1 8282070 4.76190476 0 
AT1G24260 chr1 8596650 0 0 
AT1G32600 chr1 11794659 0 0 
AT1G34047 chr1 12391296 0 4.16666667 
AT1G47810 chr1 17603369 6.66666667 0 
AT1G60960 chr1 22447222 0 0 
AT1G60960 chr1 22447320 0 0 
AT1G63810 chr1 23676540 0 0 
AT1G64405 chr1 23923348 0 0 
AT1G65907 chr1 24519835 0 0 
AT1G77920 chr1 29298138 0 0 
AT1G80420 chr1 30239473 0 0 
AT2G05020 chr2 1769592 79.54545455 88.38383838 
AT2G15970 chr2 6949897 0 0 
AT2G22760 chr2 9677164 0 0 
AT2G26200 chr2 11151999 0 0 
AT2G32800 chr2 13915619 0 0 
AT2G34250 chr2 14461893 0 3.33333333 
AT2G45920 chr2 18898951 0 0 
AT2G46600 chr2 19135646 0 0 
AT2G47060 chr2 19335058 0 0 
AT3G01500 chr3 198690 0 0 
AT3G10815 chr3 3387064 0 0 
AT3G10820 chr3 3387063 0 0 
AT3G11160 chr3 3497307 0 0 
AT3G16730 chr3 5699776 0 0 
AT3G19120 chr3 6611603 0 1.11111111 
AT3G45460 chr3 16680751 2.56410256 0 
AT3G50610 chr3 18781099 0 0 
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Supporting Table S4: Continued 
Cytosine 1_CpG 
AGI  Chromosome Coordinate Methylation_+Zn Methylation_-Zn 
AT3G59068 chr3 21831961 0 0 
AT4G13840 chr4 8017065 11.11111111 0 
AT4G14670 chr4 8409829 0 0 
AT4G16450 chr4 9279830 0 0 
AT4G16610 chr4 9355994 0 0 
AT4G20460 chr4 11033250 0 0 
AT4G20470 chr4 11033250 0 0 
AT4G20730 chr4 11121284 0 0 
AT4G38050 chr4 17872629 0 0 
AT4G39795 chr4 18466116 0 2.56410256 
AT5G04420 chr5 1250454 0 0 
AT5G18170 chr5 6005607 0 0 
AT5G23350 chr5 7860270 0 0 
AT5G29041 chr5 11101607 52.77777778 68.25396825 
AT5G41570 chr5 16623940 0 0 
AT5G41600 chr5 16635499 0 0 
AT5G44750 chr5 18051728 0 0 
AT5G51870 chr5 21088792 0 0 
AT5G62160 chr5 24959944 0 3.7037037 
AT5G62990 chr5 25276569 11.11111111 0 
AT5G63380 chr5 25390547 0 0 
 
Supporting Table S4: Continued 
Cytosine 2_CHH 
AGI  Chromosome Coordinate Methylation_+Zn Methylation_-Zn 
AT1G03190 chr1 775135 0 0 
AT1G05300 chr1 1548674 0 0 
AT1G10970 chr1 3667172 0 0 
AT1G16858 chr1 5767234 0 0 
AT1G16860 chr1 5767234 0 0 
AT1G17340 chr1 5933218 0 0 
AT1G23330 chr1 8282067 0 0 
AT1G24260 chr1 8596647 0 0 
AT1G32600 chr1 11794662 0 0 
AT1G34047 chr1 12391293 0 0 
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Supporting Table S4: Continued 
Cytosine 2_CHH 
AGI  Chromosome Coordinate Methylation_+Zn Methylation_-Zn 
AT1G47810 chr1 17603372 0 3.50877193 
AT1G60960 chr1 22447219 0 0 
AT1G60960 chr1 22447317 0 1.75438596 
AT1G63810 chr1 23676537 0 0 
AT1G64405 chr1 23923351 0 0 
AT1G65907 chr1 24519838 0 0 
AT1G77920 chr1 29298141 0 0 
AT1G80420 chr1 30239470 0 0 
AT2G05020 chr2 1769595 0 1.11111111 
AT2G15970 chr2 6949900 0 0 
AT2G22760 chr2 9677167 0 0 
AT2G26200 chr2 11152002 11.11111111 0 
AT2G32800 chr2 13915622 0 0 
AT2G34250 chr2 14461896 0 0 
AT2G45920 chr2 18898954 0 0 
AT2G46600 chr2 19135649 0 0 
AT2G47060 chr2 19335055 0 0 
AT3G01500 chr3 198687 0 0 
AT3G10815 chr3 3387061 0 3.33333333 
AT3G10820 chr3 3387066 0 0 
AT3G11160 chr3 3497304 0 0 
AT3G16730 chr3 5699773 0 0 
AT3G19120 chr3 6611600 0 0 
AT3G26150 chr3 9567811 0 0 
AT3G45460 chr3 16680748 0 0 
AT3G59068 chr3 21831964 0 0 
AT4G13840 chr4 8017062 0 0 
AT4G14670 chr4 8409832 0 0 
AT4G16450 chr4 9279833 0 0 
AT4G16610 chr4 9355991 0 0 
AT4G20460 chr4 11033247 0 0 
AT4G20470 chr4 11033247 0 0 
AT4G20730 chr4 11121281 0 0 
AT4G38050 chr4 17872626 0 0 
AT4G39795 chr4 18466119 0 0 
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Supporting Table S4: Continued 
Cytosine 2_CHH 
AGI  Chromosome Coordinate Methylation_+Zn Methylation_-Zn 
AT5G02100 chr5 412533 0 4.76190476 
AT5G04420 chr5 1250451 0 0 
AT5G18170 chr5 6005610 0 0 
AT5G23350 chr5 7860267 0 0 
AT5G29041 chr5 11101604 0 4.76190476 
AT5G41570 chr5 16623943 0 0 
AT5G41600 chr5 16635502 0 0 
AT5G44750 chr5 18051731 0 0 
AT5G51870 chr5 21088789 0 0 
AT5G62160 chr5 24959947 0 0 
AT5G62990 chr5 25276572 0 0 
AT5G63380 chr5 25390544 0 1.2345679 
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Supporting Table S5: Primers used for qRT-PCR in this study. 
Gene Primer orientation Primer sequence 
ZIP1 Forward 5′-TGGATGTTTTTCGGCAACAACT -3′ 
 Reverse 5′-CGCTTTCTCTGCTTCGTCTTG-3′ 
ZIP3 Forward 5′-CCTCCGTTGACTCCGAGAAG -3′ 
 Reverse 5′-ATTCCCAACTCCAATACCTGTGC -3′ 
ZIP4 Forward 5′-GATCTTCGTCGATGTTCTTTGG -3′ 
 Reverse 5′-TGAGAGGTATGGCTACACCAGCAGC-3′ 
ZIP5 Forward 5′-TGAGATAAATACATCGATCACTCCC-3′ 
 Reverse 5′-CACTCGCATTTAGACTCGCC-3′ 
IRT3 Forward 5′-TCTCTCAGCAACAGAGTCCAT-3′ 
 Reverse 5′-GACGGTTCCTGCCAATGAGT-3′ 
NAS2 Forward 5′-CGGTCCGATGCCACTTACTT -3′ 
 Reverse 5′-TTTGAAGCGAGTGTGTTGGC -3′ 
NAS4 Forward 5′-TCGGATCTCGCGTGTAACTG-3′ 
 Reverse 5′-TTAGCACCTGCGAACTCCTC -3′ 
HMA2 Forward 5′-TTACTCTCCCTTCCGTTGGC -3′ 
 Reverse 5′-GCTCCCACGGTTACAACAAC-3′ 
PAP27 Forward 5′-TCCTTTGCCCTCTTCACTGG -3′ 
 
Reverse 5′-ACGGTCATCTCGTCCCATTT -3′ 
AT1G34047 Forward 5′-TGTGCTGGACGTGTTGAAGT -3′ 
 Reverse 5′-TGTCCTCACACGGAATGGAAG  -3′ 
AT2G36255 Forward 5′-TTCTAATGGACTCCCAAAGGC -3′ 
 Reverse 5′-ACAGTGCGTCTCGTTGTCTT  -3′ 
TFL1 Forward 5′-ACACCTGCACTGGATCGTTAC -3′ 
 Reverse 5′-GCTTGGCCTTGGCAATTCAT -3′ 
SAND Forward 5′-AACTCTATGCAGCATTTGATCCACT-3′ 
 
Reverse 5′-TGATTGCATATCTTTATCGCCATC-3′ 
PDF2 Forward 5′-TAACGTGGCCAAAATGATGC-3′ 
 
Reverse 5′-GTTCTCCACAAC^CGCTTGGT-3′ 
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Supporting Figure S1: Relative transcript levels of the differentially expressed 
genes identified in microarray analysis. Transcript levels in +Zn was normalized to 1. 
 
 
 
Supporting Figure S2: Percentage of methylation, and the correlation between +Zn 
and -Zn treatment. A-C, Percentage of methylation level enriched in either 0-10% or 90-
100%. D-F, Correlation of methylation level between +Zn and -Zn treatment. 
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Supporting Figure S3: Description of methylation profile across genes and TEs. A-
C, Methylation level across transcription start site (TSS) of genes. D-F, Methylation level 
across transposon start site (TSS) of TEs. 
 
Supporting Figure S4: Description of DMR distribution across genes and TEs. A-C, 
DMR distribution across transcription start site (TSS) of genes. D-F, DMR distribution 
across transposon start site (TSS) of TEs. Hyper and hypo indicate hypermethylation 
and hypomethylation in the -Zn relative to the +Zn treatment. 
Chapter I 
 
53 
 
 
Supporting Figure S5: Expression density of high-, medium- and low-expression genes. 
 
 
 
 
 
 
Supporting Figure S6: Relationship of gene transcription and DNA methylation in the 
whole genome. 
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Supporting Figure S7: Relative SAM level in roots. SAM: S-adenosyl methionine. 
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5 Chapter II 
Zinc controls leaf size by promotion of FLOWERING LOCUS T in 
early-flowering Arabidopsis thaliana. 
 
Xiaochao Chen and Uwe Ludewig 
Institute of Crop Science, Nutritional Crop Physiology, University of Hohenheim, 
Fruwirthstr. 20, 70593 Stuttgart, Germany 
 
Abbreviations: DAS: days after sowing, FDR: false discovery rate, GWA: 
genome-wide association, MAC: minor allele count, SNP: single nucleotide 
polymorphism, Zn: zinc 
 
Abstract 
Plant growth is generally limited if an essential element is insufficiently available 
in soil. However, a subset of Arabidopsis accessions, including Columbia (Col-0), 
produced larger rosettes in soil low in Zn than in Zn-amended soil. Vegetative 
growth promotion by Zn deficiency was genome-wide associated with flowering 
genes, including the key flowering integrator FLOWERING LOCUS T (FT). Both 
in early and late-flowering genotypes, Zn deficiency inhibited FT expression, but 
in certain early-flowering accessions, Zn deficiency promoted the rosette size. 
This was overcome in a loss-of-function mutant of FT, but not in mutants 
promoting early flowering. The promotion of leaf size induced by Zn deficiency 
temporally coincided with the delayed transition to flowering, followed by a 
gradual increase in cell divisions. Interestingly, the leaf promotion by Zn 
deficiency was not observed in environmental conditions that repressed FT and 
delayed flowering. Our results uncover an unusual vegetative biomass increase 
under nutrient deficiency that masks the full genotypic yield potential because of 
Zn-dependence of early flowering. 
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Introduction 
The appropriate decision for flowering in annual plants is crucial for their lifespan 
and under very complex genetic control, with over 360 genes implicated (Fornara 
et al., 2010; Bouché et al., 2016). The transition to flowering depends on several 
endogenous and environmental signals in Arabidopsis thaliana. Several flowering 
pathways were identified, such as photoperiod, temperature, vernalization, 
gibberellin, sugar pathways (Searle and Coupland, 2004; Fornara et al., 2010; 
Capovilla et al., 2014; Bouché et al., 2016). The flowering time of accessions in 
natural environments and the underlying genetic loci drastically differ in 
greenhouse conditions (Brachi et al., 2010). Flowering signals converge in the 
activation of the FLOWERING LOCUS T (FT) gene in source leaves, its 
translated gene product (florigen) is phloem mobile and is translocated to the 
shoot apical meristem, where FT dimerizes with the transcription factor 
FLOWERING LOCUS D (FD) to activate another central integrator, 
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1). This 
terminates the vegetative fate of the meristem and initiates flower development 
(Corbesier et al., 2007; Jaeger and Wigge, 2007; Mathieu et al., 2007; Notaguchi 
et al., 2008).  
    Low nutrient levels promote flowering in Arabidopsis and the ornamental plant 
Pharbitis nil, where it correlated with elevated FT expression (Kolář and Seňková, 
2008; Wada et al., 2010). The macronutrients nitrate and phosphate act in an 
antagonistic way, as nitrate deficiency promotes and low phosphate delays 
flowering in Arabidopsis (Kant et al., 2011). At higher concentrations, nitrate 
promotes flowering independent of the phytohormone gibberellin, which 
integrates several environmental stimuli and acts downstream of other known 
floral induction pathways (Marín et al., 2010). Flowering is also promoted by 
mineral stress (50 µM cadmium, toxic for Arabidopsis) via up-regulation of 
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CONSTANS (CO) and FT (Wang et al., 2012), but the micronutrient zinc (Zn) has 
not been associated with flowering. Zn is essential for plant growth and 
development (Marschner, 2012), but in many natural habitats and crop 
production systems its availability is low, often as a result of high CaCO3 content 
and high pH. This renders many food products low in Zn, causing malnutrition in 
humans (Cakmak, 2007). In Arabidopsis, over 2000 Zn-related genes, primarily 
with catalytic and transcriptional regulator activity require Zn and deficiency leads 
to abnormal leaf and seed growth (Broadley et al., 2007; Talukdar and Aarts, 
2007). Zn-responsive key genes and transporters involved in Zn uptake and 
translocation have been reported using molecular and genetic tools (Sinclair and 
Krämer, 2012). ZIP (ZRT, IRT-LIKE PROTEIN) gene family is the important metal 
transporter family in transporting several cations, including Zn, iron (Fe) and 
Manganese (Mn); and Arabidopsis contains 15 ZIP genes (Guerinot, 2000). 
Among them, ZIP1 to ZIP5, ZIP9 to ZIP12 and IRT3 were highly expressed in Zn 
deficiency (Grotz et al., 1998; Mortel et al., 2006; Krämer et al., 2007; Lin et al., 
2009). 
    Here, we were interested in how Arabidopsis accessions perform in low Zn 
and Zn-amended soil-sand mixtures and quantified the rosette size of 168 
accessions. Unexpectedly, Zn deficiency promoted vegetative growth in some 
early-flowering accessions. Meanwhile Zn deficiency delayed flowering time, 
followed by rosette growth promotion relative to control condition. Genetic 
evidence suggests that flowering via FT was crucial for Zn-dependent vegetative 
regulation. 
 
Results and discussion 
Natural variation of rosette size with two different levels of Zn 
To explore the natural variation of plant growth in response to low Zn soil, 168 
Arabidopsis thaliana accessions were grown in a fertilized soil-sand mix without 
(-Zn) or with added Zn (+Zn) in the greenhouse. The set of accessions included 
six main populations (Central Europe, Northern Europe, Iberian Peninsula, 
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Mediterranean, Central Asia and North America) and three small populations 
(Cape Verde, Canary Islands and Japan) (Supplementary Fig. S1, 
Supplementary Table S1) (Stetter et al., 2015; Chen et al., 2016).  
    There was substantial natural variation in the vegetative shoot growth and 
rosette size among these accessions in +Zn and -Zn, which represent Zn 
sufficiency and Zn deficiency conditions, respectively (Fig. 1, A and B). The 
rosette diameter, a proxy for the maximal vegetative leaf length, ranged from 1.3 
cm to 12.6 cm in +Zn, with a distribution peak of around 10 cm. In -Zn, the 
rosette size ranged from 2.3 cm to 9.6 cm, with the majority of accessions having 
a rosette of around 7.5 cm (Fig. 1D; Supplementary Table S2). One-way ANOVA 
indicated that significant genetic differences were observed among accessions 
(p<2e-16 and p<2e-16), in both conditions (Supplementary Table S3). Broad-
sense heritability of rosette size was 0.69 for +Zn, but only 0.38 for -Zn 
(Supplementary Table S2). The lower heritability in -Zn contrasted the large 
environment x genetic interaction in +Zn. As expected, the rosette size in -Zn 
highly correlated with that in +Zn (p<2.5e-8), as the leaf size is majorly controlled 
genetically. However, the 168 accessions could be divided into two groups based 
on their contrasting effect of Zn on the rosette size (Fig. 1E). Most genotypes had 
reduced rosette diameter in -Zn, as expected for growth depression resulting 
from Zn limitation. Whereas the remaining genotypes had a larger rosette 
diameter in -Zn compared to +Zn, suggesting that other factors controlled 
vegetative growth under +Zn for these accessions. 
    As a measure of how the different accessions responded to Zn deficiency, we 
calculated the Zn sensitivity of the rosette size ([(+Zn) – (-Zn)] * 100 / +Zn), a 
relative measure of the reduction under Zn deficiency. As the genetic factors that 
are responsible for the leaf length are identical in individual genotypes and 
irrespective of Zn levels, Zn sensitivity is a measure for the environmental control 
for the longitudinal expansion of the largest leaves (rosette size in this study). In 
addition, leaf shape is little affected by Zn (see below). Therefore, Zn sensitivity 
of rosette size is appropriate to generally reflect -Zn effect on leaf growth. 
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126 accessions (67% of 168 accessions, including e.g. Sf-2) had decreased 
rosette diameter in Zn-deficient soil (Fig. 1C, “positive” effect of Zn on leaf size). 
By contrast, the other 42 accessions (33% of 168 accessions, such as Col-0) had 
a decreased rosette size, despite having sufficient Zn in soil (Fig. 1C, “negative” 
effect of Zn). The average Zn sensitivity was -64.5% for negative response and 
24.8% for the positive response. Zn sensitivity of the rosette size was determined 
by +Zn soil (r=0.85, p<2.2e-16), but not -Zn soil (r=0.06, p=0.4478, Fig. 1F, 
Supplementary Fig. S2).  
 
Figure 1: Natural variation of rosette size in response to Zn deficiency. A-C, Natural 
variation of 168 accessions in control (+Zn), Zn deficiency (-Zn) and Zn sensitivity. Data 
plotted are mean + SD, n=6. D, Kernel density of rosette size in +Zn and -Zn. E and F, 
Rosette size in +Zn was highly correlated with rosette size in -Zn and Zn sensitivity. 
Dashed line in E divided the 168 accessions into two groups. Red arrows indicate the 
accession Col-0 in each panel. 
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Genome-wide association mapping 
To identify the underlying genetics of Zn sensitivity, we carried out genome-wide 
association (GWA) with 147 accessions for which high density single nucleotide 
polymorphisms (SNPs) were available; GWAPP were used that contains 1386 
accessions and 206,000 SNPs (Seren et al., 2012) . Natural genetic variation and 
GWA have been extensively used in Arabidopsis to dissect the genetics of 
various traits, including nutrients accumulation, flowering time, light sensitivity 
and root architecture (Brachi et al., 2010; Chao et al., 2012; Chao et al., 2014a; 
Meijón et al., 2014; Chao et al., 2014b). Even though larger population size may 
be required, a panel with only 96 accessions was evidently sufficient for several 
traits with large phenotypic variance in practice (Atwell et al., 2010; Gifford et al., 
2013; Korte and Farlow, 2013; Ogura and Busch, 2015). Population structure is a 
strong confounding factor to produce false discovery results, which is partially 
overcome by the multi-locus mixed model (Cardon and Palmer, 2003; Platt et al., 
2010; Segura et al., 2012).  A stringent P-value cutoff with 5% false discovery 
rate (FDR) was set for quantifying the significance. Only SNPs with minor allele 
count (MAC)≥15 were considered, to reduce potential false positive SNPs. The 
GWA did not identify any significant SNP for the rosette diameter in +Zn, but two 
SNPs for -Zn (Supplementary Fig. S3, A and B), 1G_27415858 and 
4G_16195683. 1G_27415858 is located around 500 bp distant from AT1G72850 
and AT1G72860, both encoding disease resistance proteins. 4G_16195683 is 
located in the genebody (first intron) of At4G33770, encoding an inositol 1,3,4-
trisphosphate 5/6-kinase family protein. However, we were majorly interested in 
how rosette size was regulated by -Zn, we further focused on the more Zn-
specific trait Zn sensitivity. The raw Zn sensitivity data was logarithmically 
transformed to reduce scale effects, so that extreme values have less impact on 
the outcome (Seren et al., 2012).  
GWA identified several potentially interesting SNPs (Supplementary Fig. S3C). 
In particular, at position 1G_16581335 and 5G_18589544, two flowering-related 
genes were associated, AT1G43800 (FTM1, FLORAL TRANSITION AT THE 
MERISTEM1) and AT5G45830 (DOG1, DELAY OF GERMINATION 1). FTM1 is 
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activated independently of FLOWERING LOCUS T (FT) and SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS1 (SOC1) during the floral induction (Torti 
et al., 2012). DOG1 was initially identified to control the seed dormancy and 
germination (Bentsink et al., 2006); but later also found as candidate for 
differences in flowering in several GWA studies (Atwell et al., 2010; Brachi et al., 
2010; Li et al., 2010). As potential SNPs might be covered by other SNPs due to 
population structure, here we further performed stepwise GWA with cofactors, 
which are identified SNPs (Segura et al., 2012). After four rounds of stepwise 
GWA with cofactors, four SNPs explained 74% of the total variance, while only 3% 
of genetic variance remained (23% accounted for error variance, Supplementary 
Table S4). Intriguingly, another significant SNP (1G_24327565) appeared among 
the cofactors (Fig. 2A). 1G_24327565 locates at 3862 bp upstream of 
AT1G65480 (FT, FLOWERING LOCUS T), the central regulator of flowering. At 
SNP 1G_24327565, most accessions contained the allele A (such as Sf-2), while 
fewer accessions contained the allele G (such as Col-0) (Fig. 2B). Accessions 
with allele G presented a more negative Zn sensitivity value (Fig. 2C). A closer 
look at the LD map (r2) was conducted between the identified SNP 1G_24327565 
and SNPs in FT. There are two SNPs in FT, 1G_24331677 and 1G_24333548 
(Supplementary Fig. S4B). The GWA identified SNP 1G_24327565 was 
moderately linked to 1G_24333548, locating in the exon of FT, with r2 of 0.491.  
Moreover, gene ontology enrichment analysis was conducted with agriGO (Du 
et al., 2010). The 50 genes located in +/- 20 kb distance of SNPs with –
log10(p_value) > 5) were enriched for developmental and reproduction processes, 
involving transcriptional regulators (Supplementary Fig. S5), further supporting 
that flowering was regulated by Zn sensitivity. 
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Figure 2: Genome-wide association mapping of Zn sensitivity. A, Manhattan plot for 
Zn sensitivity of rosette size. The value of Zn sensitivity was used after logarithmic 
transformation. Stepwise GWA was conducted with AMM model. SNPs with minor allele 
count (MAC)≥15 were presented. The 5% FDR threshold was denoted by a dashed line. 
Red arrows indicate the other three SNPs. B and C, Zn sensitivity of allele A and allele G.  
 
Relationship of rosette size and flowering 
Next we set out to determine the relationship of rosette size and the flowering 
status after 6 weeks, two traits with typically minor correlation (Atwell et al., 2010). 
When grouped into accessions that had larger rosette under Zn-deficiency and 
those with positive Zn response (Fig. 1C), flowering was significantly more 
prominent in “negative” response accessions compared to positive response 
accessions, both in -Zn and +Zn conditions (Fig. 3A). Interestingly, the flowering 
status was clearly dependent on Zn, as the fraction of flowering plants was 
significantly stimulated by the presence of Zn irrespective of response types (Fig. 
3A). This revealed that -Zn potentially inhibited flowering. Therefore, we further 
investigated FT transcript levels in both +Zn and -Zn soils, for negative-response 
accessions (Col-0, Po-0, Ct-1, No-0) and positive-response accessions (Lerik1-3, 
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Koz-2, Sf-2, Cvi-0). -Zn greatly reduced FT expression in all accessions (Fig. 3B). 
Moreover, negative-response accessions presented high FT level compare to 
late-response accessions, confirming that the flowering was casual for the 
response types. The same pattern also exhibited in another flowering central 
integrator SOC1 (Supplementary Fig. S6). 
    We assumed that very early-flowering accessions might produce smaller 
rosette sizes just due to their shorter vegetative growth time. Indeed, Arabidopsis 
ft (and soc1) mutants are well known for their different shoot size, the FT 
homolog in tomato accelerates leaf maturation and is associated with termination 
of vegetative leaf growth (Melzer et al., 2008; Shalit et al., 2009). To further 
explore the correlation of rosette growth with flowering, we quantified the 
flowering times for 158 accessions (included in the 168 accessions mentioned 
above) at 23°C temperature in soils with full nutrition. It took around 25 days for 
the majority of accessions to bolting (highly correlated with bud-opening, 
Supplementary Fig. S7). The chronological flowering time strongly correlated with 
the physiological age (Salomé et al., 2011), except for a few ultimately non-
flowering accessions (Supplementary Fig. S7B). The correlation between rosette 
size and flowering in +Zn was best described by the “linear plus plateau model” 
(Fig. 3C). Apparently, the rosette size in many accessions was repressed by 
flowering time (up to a threshold of 30 days, 71 of 158 accessions). By contrast, 
late-flowering accessions, harboring the winter annuals, all had large rosette size. 
The same model nicely fitted the correlation of Zn sensitivity and flowering 
(Supplementary Fig. S8). The germination rate, by contrast, was not different in 
+Zn and -Zn (all plants germinated in two days). 
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Figure 3: A, Fraction of flowering plants at 6 weeks, separated for negative and positive 
response accessions in both growth conditions. Different small letters above the figure 
denote the significant difference at p<0.05 level. The multiple comparisons were 
calculated by Tukey HSD. “neg” means negative, “pos” means positive. -Zn_neg, -
Zn_pos, +Zn_neg and +Zn_pos indicate negative and positive accessions in -Zn and 
+Zn soils. B, FT transcript levels in negative (Col-0, Po-0, Ct-1, No-1) and positive 
accessions (Lerik1-3, Koz-2, Sf-2, Cvi-0). Data were referenced to reference genes 
SAND and PDF2. * denotes the significant difference at p<0.05 level. Values were mean 
+ SD. C, Relationship of rosette size and flowering time in control, which is simulated by 
“linear-plus-plateau” model. Flowering time was documented as the days to bolting. CI 
and PI mean the confidence interval and prediction interval. D, Relationship of rosette 
size and flowering time for early-flowering accessions. The early-flowering accessions 
were generated from Figure 3C, which were also grouped into negative and positive 
response according to Figure 1C.  
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A closer look at the 71 early-flowering accessions (flowering before day 30) 
identified that 39 accessions of these grouped into the “negative response”, while 
the other 32 accessions belonged into the “positive response” (Fig. 3D; Fig. 1C). 
No correlation of rosette size and flowering was observed for the 32 positive 
response accessions, as these accessions had already reached near maximal 
rosette size before they started to bolt. However, within the 39 negative response 
accessions, there was significant positive correlation between flowering time and 
rosette size (Fig. 3D), indicating that for these accessions (such as Col-0), Zn 
sensitivity was determined by a terminal transition to flowering, which apparently 
repressed vegetative growth. In other words, Zn deficiency apparently delayed 
the transition from vegetative to generative growth, leading to larger leaf size. 
Therefore, Zn limitation of vegetative growth was then only apparent in 
accessions with large leaf blades, notably late-flowering accessions. 
Genetics of zinc-deficiency repression on flowering  
Further genetic analysis was performed in Col-0, a negative response accession 
(Zn sensitivity was -119 %) with strong FT and SOC1 inhibition by -Zn. The 
phenotypic differences and growth variance in a batch were shown in Fig. 4A; 
obviously, -Zn repressed flowering in Col-0 (Fig. 4A). To get more insight whether 
photoperiod, metabolic, vernalization, gibberellin or ambient temperature were 
affected by Zn deficiency (Amasino, 2004; Fornara et al., 2010), we further 
investigated null-mutant of these flowering pathways. All the mutants used in this 
study are knock-out in Col-0 background (Balasubramanian et al., 2006; Posé et 
al., 2012). To confirm the Zn effectiveness, shoot Zn concentration was analyzed. 
-Zn indeed strongly reduced Zn uptake in all genotypes, including late-flowering 
accession sf-2 (Fig. 4B). In addition, Transcript levels in -Zn were also compared 
to +Zn in Col-0 and Sf-2, for several known Zn transporters, which were 
previously reported being induced upon -Zn in roots (Grotz et al., 1998; Mortel et 
al., 2006; Lin et al., 2009). Here, we also found the strongly induction effect in 
leaves in response to -Zn (Fig. 4C). Next we checked the expression of key 
genes representative of these flowering pathways. However, the expression of 
the diurnal integrator CONSTANS (CO), trehalose biosynthesis enzyme 
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TREHALOSE-6-PHOSPHATASE SYNTHASES 1 (TPS1), the transcriptional 
repressors FLOWERING LOCUS C (FLC), FLOWERING LOCUS M (FLM) and 
SHORT VEGETATIVE PHASE (SVP), two inhibitors of the elevated temperature-
induced early flowering via de-repression of FT, were all unaffected by Zn. 
Furthermore, flowering promoting GIBBERELLIN 3-OXIDASE1 (GA4), as well as 
expression of FTM1, identified from the GWA (supplementary Fig. S3C), were 
also not different between -Zn and +Zn (Fig. 4D). DOG1 was another candidate 
identified from the GWA (supplementary Fig. S3C), but a dog1-2 allele was 
indistinguishable from the wild-type with respect to Zn dependence of rosette size 
and flowering (data not shown), excluding this gene to be causally linked to the 
Zn-dependent regulation.  
    Using mutant alleles of flowering genes upstream and downstream of FT, we 
ruled out several upstream repressors of early flowering as direct targets of Zn. 
Compared to Col-0, flc-3 and flm-3 did not delay flowering time (Fig. 4E), which 
might because that Col-0 is an extremely early-flowering accession, which 
contains low level of FLC and FLM (Lempe et al., 2005; Balasubramanian et al., 
2006). Therefore, Col-0 was not distinguishable from flc-3 and flm-3 in current 
study that all plants flowered relatively early. Nevertheless, svp-32 and double 
mutant svp-32/flm-3 still exhibited pretty earlier flowering compared to Col-0 (Fig. 
4E). Concomitantly, rosette size reduced in these mutants irrespective of Zn 
supply (Fig. 4F). By contrast, in alleles that lack major activators of flowering, ft-
10 and soc1-2, flowering was delayed, but still inhibited by -Zn (Fig. 4E). The loss 
of SOC1 was reported to increase the lifespan of plants independent of flowering 
time (Melzer et al., 2008), but -Zn rosettes were still bigger than those from +Zn. 
Interestingly, the rosette of ft-10 was large irrespective of Zn supply (Fig. 3 F, 
Supplementary Fig. S9), indicating that the -Zn promotion of rosette growth was 
lost in the absence of FT. As a consequence, the final vegetative dry biomass 
(determined by the number of rosette leaves and their size) was significantly 
higher in -Zn in wild type and early flowering mutant svp-32, but identical despite 
different Zn supply in the late flowering ft-10 and soc1-2 (Fig. 4G). 
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Figure 4: Genetic basis of Zn regulation of flowering and rosette size. A, Col-0 
plants grown in +Zn and -Zn soils. -Zn delayed flowering.  B, Zn concentration in wild-
type (Col-0 and Sf-2) and flowering null mutants, indicating the Zn effectiveness. C, 
Relative expression level of known Zn transporters in Col-0 at vegetative stage (14 DAS). 
Data were referenced to reference genes SAND and PDF2, then normalized to the first 
replicate of +Zn. D, Relative expression level for central flowering genes in Col-0 and Sf-
2 at vegetative stage (14 DAS). Data were referenced to reference genes SAND and 
PDF2. E and F, Rosette leaf number and rosette size, at bolting stage in wild-type (Col-0) 
and flowering null mutants. G, Rosette dry biomass of wild-type (Col-0) and flowering 
null mutants at 7 weeks at the point that all plants have finished flowering. *, ** and *** 
denote p<0.05, p<0.01 and p<0.001, respectively. Different small letters between 
columns denote significant difference at p<0.05 level.  Data plotted are mean + SD. 
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Loss of zinc-deficiency repression on flowering by growth in unfavorable 
environments 
The flowering in many Arabidopsis accessions is stimulated by growth at 
elevated temperatures, but delayed in short days, at lower temperatures or 
growth in unfavorable light conditions (Lempe et al., 2005; Balasubramanian et 
al., 2006). Based on the observation that -Zn repression of early flowering and 
the associated vegetative growth promotion were only observed in accessions 
that flowered earlier than day 30 (Fig. 3), we hypothesized that -Zn should not 
affect rosette diameter when flowering is sufficiently delayed, even in the genetic 
background of Col-0. At two weeks, FT and SOC1 expression were greatly 
reduced by -Zn irrespective of accessions or grown temperatures (Fig. 5 A, B and 
D). However, the reduction was not able to be maintained at seven weeks in -Zn 
(Fig. 5 C and E). In other word, when grown in low temperature (16°C, or low 
light or short days, data not shown), -Zn only transiently decreased FT and SOC1 
expression. Meanwhile, the relative low FT level in +Zn were also insufficient to 
induce early flowering in 16°C (Fig. 5 B and G). Accordingly, rosette size was 
also not regulated by -Zn (Fig. 5H). Similarly, in the late-flowering accession Sf-2, 
the reduction of FT level was not persistent by -Zn (Fig. 5E), and FT expression 
was not high enough to trigger flowering in +Zn plants (Fig. 5 D and H). As a 
result, vegetative growth was not promoted in -Zn (Fig. 5H). Ultimately the rosette 
size was limited by other factors than FT or SOC1, which repressed leaf growth 
only during the early growth. Indeed, many other factors that restrict organ size in 
plants have been identified, including genes involved in auxin, cytokinin and 
gibberellin signaling (Bögre et al., 2008; Powell and Lenhard, 2012).  
    On the other hand, when the flowering time of the late-flowering accession Sf-
2 was shortened via a 3-weeks vernalization process at 4°C, flowering was 
promoted and the rosette diameter mildly decreased, compared to the non-
vernalized Sf-2 (Fig. 5, G and H). Again, -Zn increased the FT transcript levels 
(though not significantly), leading to earlier flowering (Fig. 5 F and G). However, 
Zn did not reduce the rosette size (Fig. 5H), since maximal leaf elongation 
potential had already been reached.  
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Figure 5: Low temperature and vernalization changed the -Zn regulation of 
flowering in natural accessions. A-F, Relative FT and SOC1 expression level of Col-0 
and Sf-2 in variable conditions and stages. Data were referenced to reference genes 
SAND and PDF2, then normalized to the first replicate of +Zn. G and H, Rosette leaf 
number and rosette size of Col-0 and Sf-2 at bolting stage in different conditions. “ver” 
means vernalization. * and *** denote p<0.05 and p<0.001, respectively.  Data plotted 
are mean + SD. 
 
Zn-deficiency promotion of vegetative growth via FT 
While the transition to flowering fate in the apical meristem is well explained by 
FT (Amasino, 2010; Fornara et al., 2010), its role in termination of vegetative leaf 
growth is less well understood (Melzer et al., 2008; Shalit et al., 2009). Final 
rosette diameter and leaf size are ultimately controlled by the complex 
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coordination of primordium size, cell proliferation and cell expansion (Gonzalez et 
al., 2012; Powell and Lenhard, 2012). To get insight into the underlying 
mechanism behind the reduced rosette diameter in higher FT plants, the leaf 
length, petiole and cell sizes were documented during leaf growth. Interestingly, 
the rosette diameters were initially indistinguishable between +Zn and -Zn, in 
agreement with a mild Zn-deficiency; but differed at the time of the transition to 
flowering in the apical meristem (Fig. 6A), consistent with a repressing signal 
transmitted at the time of flower initiation in +Zn (21 DAS, Fig. 6A). Unexpectedly, 
the longitudinal leaf growth rate was not terminated, but only reduced in +Zn after 
the transition to flowering, while the longitudinal leaf growth rate increased in -Zn 
until termination at around 33 DAS (Fig. 6A). This signal was lost in ft-10, leading 
to strong leaf expansion irrespective of Zn supply (Fig. 6, B and D). Absolute 
flowering time and rosette size were somewhat variable in different growth 
batches, but flowering was generally faster on the soils used than in previous 
studies and -Zn repression of flowering was highly consistent (Fig 4F, Fig 6, 
Supplementary Fig. S9). The petiole elongation in response to -Zn explained only 
~35 % of the rosette leaf length differences. Cell expansion accounted for almost 
40 % of the leaf enlargement between 19 DAS and 33 DAS, but was identical in -
Zn and +Zn, and was unchanged in ft-10 (Fig. 6, C-E). The combined data 
suggest repressing functions of FT outside the leaf meristem. Reduced cell 
proliferation and less cell divisions in the wild type, especially in +Zn, accounted 
for the growth inhibition of the largest leaves and were also responsible for minor 
differences in leaf shape (Fig. 6D).  
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Figure 6: Zn regulation of rosette expansion and cell proliferation. A, Growth of 
rosette size (circle) and petiole size (triangle) in Col-0 with +Zn (blue) and -Zn (red). * 
and ** denote p<0.05 and p<0.01. Arrows indicate the flowering time in +Zn (blue) and -
Zn (red). B, Rosette growth of ft-10. C, Average cell size of first four wild type and ft-10 
leaves at 19 DAS (days after sowing) and 33 DAS. Data plotted are mean + SD. D, First 
four leaves at 35 DAS. E, confocal mesophyll cell images after staining with propidium 
iodide of wild type and ft-10. Scale bar: 100 µm.  
 
The transition to flowering, which occurs in apical leaf meristems, was stimulated 
by Zn even in the ft or soc1 background. By contrast, promotion of vegetative 
growth by -Zn required reduction of FT, but not SOC1. Leaf cell numbers and cell 
size in the ft-10 mutant were in agreement with the hypothesis that FT restricts 
leaf size, as the loss of FT massively increased leaf size via increased cell 
numbers, similar as in Zn-deficiency in the wild type (Fig. 6). The dual action of 
FT in promoting flowering and restricting leaf size and its regulation by Zn are 
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summarized in Fig. 7A. Additional roles of FT in regulating the fate of meristems 
and consequently reduction in growth had been especially noted under short 
days (Melzer et al., 2008), while the above data confirm its importance under 
long day conditions. The direct mechanistic targets of Zn are likely upstream 
components of FT and only restrict leaf blade size as long as leaves are small 
and proliferate, while in many later-flowering genotypes Zn-deficiency slightly 
reduces leaf blade size (Fig. 7B; Fig. 1C). As general nutrient deficiencies 
promote flowering in Arabidopsis (Kolář and Seňková, 2008), the observed 
flowering delay and rosette repression may be Zn-specific. Whether nutritional 
regulation of flowering and the concomitant restriction of vegetative growth are 
relevant in ecosystems and crops, are interesting questions for future research.  
 
Figure 7: Working models of Zn-regulation of flowering and rosette leaf size. Note that 
Zn-deficiency only represses FT, flowering and promotes leaf cell division in early-
flowering accessions that have not fully expanded their leaves (A); whereas in many 
late-flowering accessions, mild Zn-deficiency slightly restricts shoot growth (B). Arrows 
and block lines denote activation and repression, respectively. Dashed lines indicate 
putative regulation. 
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Conclusion 
The analysis of a population of Arabidopsis accessions on Zn-deficient and Zn-
amended soil revealed a close inter-connection of -Zn repression of flowering via 
FT and improved vegetative growth. Confounding effects of nutrient deficiency on 
flowering may thus mask the growth potential of sensitive genotypes, leading to 
the unusual situation that nutrient-deficient plants accumulate more vegetative 
shoot biomass than plants on full nutrients. 
 
Materials and methods 
Plant material, soil-sand preparation and growth conditions 
168 Arabidopsis thaliana accessions used in this study are listed in the 
Supplementary Table S1. Seeds for all accessions were obtained from Dr. Karl 
Schmid (Germany). The ft-10, soc1-2, flc-3, flm-3, svp-32, flm-3/svp-32 mutants 
in the Col-0 background were gifted by Dr. Markus Schmid (Umea, Sweden). All 
accessions and mutants have been previously described (Balasubramanian et al., 
2006; Posé et al., 2012; Stetter et al., 2015; Chen et al., 2016). 
    Soil-sand mixtures of a Zn-scarce soil from a C-horizon of a loess soil (0.7 mg 
kg-1 Zn, pH 7.2) was mixed at 1:1 ratio with quartz sand (0.6-1.2 mm diameter), 
which was washed with HCl (rinsed with tap water, pH<1 adjusted with HCl, 
incubated for one day, rinsed with deionized water to pH>5) to wash out trace 
nutrients, biological contaminations and dust. The soil-sand mix was fertilized 
with 1.1 g kg-1 NH4NO3, 0.9 g kg
-1 K2SO4, 2.1 g kg
-1 MgSO4 and 1.6 g kg
-1 
Ca(H2PO4)2. 200 g of soil-sand per plant (or 120 g for qRT-PCR experiments and 
mutant experiments) was placed in the pot before watering with 7-8 ml 
micronutrients, according to a modified Hoagland’s solution (1 mM NH4NO3, 1 
mM KH2PO4, 0.5 mM MgSO4, 1 mM CaCl2, 0.1 mM Na2EDTA-Fe, 2 µM ZnSO4, 9 
µM MnSO4, 0.32 µM CuSO4, 46 µM H3BO3, 0.016 µM Na2MoO4). In addition, 3 
mg kg-1 Zn was added into soil for the control treatment (+Zn).  
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Seeds were stratified at 4°C for 3 days to promote germination. Plants were 
cultivated in greenhouse (GWA, during a warm period in may 2013) or in 
controlled growth chambers (all other experiments). The growth conditions were 
generally set as: long days (16h light/ 8h dark), 23°C light / 20°C dark, 120-140 
µmol m-2 s-1 and 65% humidity，  or 16°C light / 16°C dark for ambient 
temperature experiment. 
Phenotype scoring  
For the genome-wide association (GWA), 6 randomized replicates per accession 
were analyzed. For each plant, the rosette size was measured from two pairs of 
diameters of four biggest leaves, after 6 weeks of growth. The flowering status 
was documented as well. For the flowering time requantification, 3 replicates 
were recorded for each accession. The flowering time was quantified as the 
number of days required for a 1 cm visible bolt or a visible flower-bud 
(chronological time) and the number of leaves until bolting or flower-budding 
(physiological age). 100 days were set as the flowering time for the ultimate non-
flowering accessions. In mutant experiments, 5-17 plants were analyzed at 
bolting stage (1 cm visible bolt) for rosette size diameter, leaf number and 
flowering days as previously described (Lempe et al., 2005; Salomé et al., 2011). 
The Zn sensitivity was calculated as: (plus Zn-minus Zn)/plus Zn x 100. 
Genome-wide association (GWA) 
GWA was conducted using the online web application GWAPP, containing 1386 
accessions and 206,000 SNPs (Seren et al., 2012). Only 147 accessions were 
uploaded in GWAPP as the SNP data of the other 21 accessions are not yet 
available. For the Zn sensitivity, we transformed the phenotypes using a 
logarithmic transformation, which yields extreme value to be less extreme. The 
AMM approach was used to correct for the population structure for all association 
mapping (Segura et al., 2012). Except for the original GWAS for the Zn sensitivity, 
a step-wise GWAS including cofactors was performed, which finally identified the 
key flowering regulator FLOWERING LOCUS T (FT).  
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Enrichment analysis 
The enrichment analysis was performed using the online web application agriGO 
(Du et al., 2010). The gene list was generated from step-wise GWAS of Zn 
sensitivity (described above), including 50 genes (Supplementary Table S6). In 
detail, genes located within +/-20 kb of the SNPs with –log10(p_value) >5 were 
selected. Singular Enrichment Analysis (SEA) was conducted for cellular 
components, molecular function and biological process. TAIR 10 was used as the 
reference database (http://www.arabidopsis.org/). 
Zinc concentration determination 
6-week-old plants were harvested, dried in 60°C for a week and milled. Around 
0.1 g milled materials were digested with 2.5 ml 69 % HNO3 and 2 ml 30% HCl 
for 1 hour. The samples were placed in a microwave at 170 °C for 25 minutes, 
followed by 200 °C for 40 minutes. The extract was measured by atomic 
absorption spectrometry (Thermo Fisher Scientific, United Kingdom) to determine 
Zn concentration. 
Quantitative RT-PCR analysis 
Plants were grown in +Zn and -Zn soils (described above) with 3-5 replicates. For 
each replicate, 10-20 seedlings were harvested and pooled between 12:00-13:00 
at 14 DAS (days after sowing, not yet bolting) with liquid nitrogen before storing 
in -80°C. Total RNA of all seedlings was extracted with the innuPREP Plant RNA 
Kit (Analytik Jena, Germany) after plants were homogenized (Retsch, Germany). 
Around 1 µg total RNA was used to synthesis cDNA library using the QuantiTect 
Reverse Transcription Kit (Qiagen, Germany). Gene-specific primes for qRT-
PCR were designed according to the Arabidopsis genome sequence information 
TAIR10 (https://www.arabidopsis.org/) and Primer-BLAST 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/), quality-checked by using PCR 
Primer Stats  (http://www.bioinformatics.org/sms2/pcr_primer_stats.html). 
Primers were ordered from Invitrogen (United States) and listed in the 
Supplementary Table S7. For the PCR procedure, 15 µl reaction was carried out, 
containing 6 µl 20x diluted cDNA, 7.5 µl SYBR Green Supermix (KAPA 
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Biosystems, United States), 0.3 µl forward primers, 0.3 µl reverse primers and 
0.9 µl RNase-free H2O. The reaction was conducted in 384-well plates in RT-
PCR systems (Bio-Rad, United States). The standard protocol was set as: 3 min 
at 95 °C, followed by 44 cycles of 3 s at 95 °C and 25 s at 60 °C, and then 5 s at 
65 °C for the melt curve.  Two reference genes, SAND (AT2G28390) and PDF2 
(AT1G13320), were used. Reactions were performed in 3 technical replicates 
and 3-5 biological replicates. Relative transcript levels were calculated with the 2-
ΔΔCT method by the Bio-Rad software (Livak and Schmittgen, 2001). All kits 
described here were used according to the manufacturer’s instructions. 
Histological analysis 
Palisade cell sizes were measured as previously described (Sicard et al., 2015). 
Briefly, first four leaves were harvested and fixed overnight at 4 °C in FAA 
solution (20 ml formalin, 10 ml acetic acid, 100 ml alcohol, and 70 ml water), and 
dehydrated through a series of 70, 80, 90, 100% ethonal, with 5-min incubation 
per step. Then the samples were transferred into acetone for 5-min incubation at 
95 °C, and cleared overnight in the clearing solution (100 g chloral hydrate, 10 g 
glycerol, and 25 ml water). Finally the samples were stained with 10 µg ml-1 
propidium iodide for two days, and imaged with the confocal microscope 
(LSM700, Carl Zeiss, Germany). Four regions were measured for every leaf and 
cell size was averaged from four leaves. Three biological replicates were 
performed. 
Statistical analysis 
Data analysis, graphs and statistics were done by using Microsoft Excel, Minitab 
and R (https://www.r-project.org/). The significant difference of mean for all traits 
in this study was performed by t-test. Multiple comparisons were done using 
Tukey HSD method in R. Broad-sense heritability was calculated as genotypic 
variance divided by total variance (Visscher et al., 2008). The total variance was 
partitioned into genetic variance and residuals.   
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Supplementary figures and tables 
Supplementary Figure S1: The worldwide population distribution of 168 
Arabidopsis accessions used in this study. Every red dot represents one 
accession. 
 
 
Supplementary Figure S2: Relationship between rosette size in -Zn and Zn 
sensitivity. 
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Supplementary Figure S3: Genome-wide association for rosette size in +Zn (A), 
-Zn (B) and Zn sensitivity (C) with AMM model (no cofactors). The value of Zn 
sensitivity was used after logarithmic transformation. SNPs with minor allele 
count (MAC)≥15 were presented. The 5% FDR threshold is denoted by a dashed 
line. D-F, QQ-plots of GWA mapping with AMM model. 
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Supplementary Figure S4: QQ-plot and LD mapping plot from GWAS with 
co-factors for Zn sensitivity. A, QQ-plot from AMM model. B, LD values (r2) 
between identified SNP (1G_24327565) and FT (AT1G65480, 
Chr1:24331428..24333934). Two SNPs locate in genebody of FT were also 
presented. r2 was 0.491 between 1G_24327565 and 1G_24333548. r2 lower than 
0.3 was colored with blue. 
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Supplementary Figure S5: Gene ontology enrichment analysis for cellular 
component (A), molecular function (B), and biological process (C). The figures 
depict the fractions of genes from a list including 50 top genes, which were 
generated from GWA. The selected genes located within +/-20 kb of the SNPs 
with –log10(p_value) > 5. Reference genome: TAIR 10. 
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Supplementary Figure S6: SOC1 transcript levels in negative (Col-0, Po-0, Ct-1, 
No-1) and positive accessions (Lerik1-3, Koz-2, Sf-2, Cvi-0). Data were 
referenced to reference genes SAND and PDF2. Values were mean + SD. * 
denotes p<0.05. 
 
 
 
Supplementary Figure S7: Distribution and correlation of days to bolting and 
days to flowering. DTB and DTF indicate days to bolting and days to flowering, 
respectively.  
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Supplementary Figure S8: Relationship of flowering time and Zn sensitivity. 
Flowering time was documented as the days to bolting. CI and PI indicate 
confidence interval and prediction interval. 
 
 
Supplementary Figure 9: Days to bolting for wild-type (Col-0) and flowering null 
mutants. Different small letters between columns denote significant difference at 
p<0.05 level. Data plotted are mean + SD. 
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Supplementary Table S1: List of all accessions used in this study. 
Number Name GWAS_ID NASC_ID Origin 
1 Ag-0 6897 22630 France 
2 Aitba-2 98034 76347 Tunesia 
3 Ak-1 6987 6602 Germany 
4 Alc-0 6988 1656 Spain 
5 Altenb-2 98020 76353 Italy 
6 Altenb-3   
Italy 
7 An-1 6898 6603 Belgium 
8 Angel-1 98046 76362 Italy 
9 Angit 98047 76366 Italy 
10 Apost-1 98048 76368 Italy 
11 Bay-0 6899 22633 Germany 
12 Bil-7  6901 22579 Sweden 
13 Bla-1  7015 970 Spain 
14 Bla-11 7017 985 Spain 
15 Bolin-1 98024 76373 Romania 
16 Bor-1 5837 22590 Czech Republic 
17 Bor-4 6903 22591 Czech Republic 
18 Borsk-2 98039 76421 Russia 
19 Bozen-1 98021 76357 Italy 
20 Bozen85   
Italy 
21 Bur-0 5719 22656 Ireland 
22 C24 6906 22620 Portugal 
23 Can-0  8274 1064 Canary Islands 
24 Caste25   
Italy 
25 Caste37   
Italy 
26 Castelfed-4 98025 76355 Italy 
27 CIBC-17  6907 22603 United Kingdom 
28 Ciste-1 98049 76359 Italy 
29 Ciste-2 98050 76360 Italy 
30 Co-2 7078 1086 Portugal 
31 Col-0 6909 22625 Poland 
32 Copac-1 98038 76420 Romania 
33 Ct-1 6910 N6674 Italy  
34 Cvi-0 6911 902 Cape Verdi 
35 Del-10 9230 28890 Serbia 
36 Dobra-1 98033 76369 Serbia 
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Supplementary Table S1 Continued. 
 
Number Name GWAS_ID NASC_ID Origin 
37 Dog-4 9060 76386 Turkey 
38 Eden-1  6009 22572 Sweden 
39 Edi-0 6914 N6688 Scotland  
40 Est-1 6916 22629 Estonia 
41 Fei-0 8215 22645 Portugal 
42 Ga-0 6919 22634 Germany 
43 Galdo-1 98005 76423 Italy 
44 Gie-0 7147 6720 Germany 
45 Got-22  6920 22609 Germany 
46 Got-7  6921 22608 Germany 
47 Gu-0 6922 22617 Germany 
48 Guntschnna-1   
Italy 
49 Gy-0 8214 22631 France 
50 Hi-0 8304 N6736 Netherlands  
51 HKT2-4 98004 76404 Germany 
52 HR-10  6923 22597 United Kingdom 
53 HR-5  6924 22596 United Kingdom 
54 Jablo-1 98032 76372 Greece 
55 Kidr-1 98042 76376 Russia 
56 Kin-0 6926 22654 Lithuania 
57 Kly-1 753 9630 Russia 
58 Kn-0 7186 N6762 Lthuania  
59 Knox-10  6927 22566 USA 
60 Knox-18 6928 22567 UAS 
61 Koch-1 9185 22823 Ukraine 
62 Kondara 6929 22651 Tajikistan 
63 Koz-2 98015 9637 Russia 
64 Kr-0  7201 1296 Germany 
65 Krazo-2 98043 76422 Russia 
66 Kurta1441   
Italy 
67 Kurta1532   
Italy 
68 Kurta16313   
Italy 
69 Kz-1  6930 22606 Kazakhstan 
70 Kz-9  6931 22607 Kazakhstan 
71 Laats335   
Italy 
72 Lago-1 98006 76367 Italy 
73 Leb-3  
9641 Russia 
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Supplementary Table S1 Continued. 
 
Number Name GWAS_ID NASC_ID Origin 
74 Lecho-1 98045 76371 Bulgaria 
75 Ler-1 6932 22618 Poland 
76 Lerik1-3 9074 22712 Azerbaijan 
77 LL-0 6933 22650 Spain 
78 Ll-1 7238 1341 Spain 
79 Lp2-2  7520 22594 Czech Republic 
80 Lp2-6  7521 22595 Czech Republic 
81 Lz-0 6936 22615 France 
82 Mammo-1 98007 76365 Italy 
83 Mammo-2 98008 76364 Italy 
84 Mer-6 98053 76414 Spain 
85 Mitt103   
Italy 
86 Mitt113   
Italy 
87 Mitt62212   
Italy 
88 Mitt8324     
Italy 
89 Mitt9311   
Italy 
90 Mitterberg-1 98023 76354 Italy 
91 Monte-1 98009 76361 Italy 
92 Moran-1 98010 76363 Italy 
93 Mr-0 7522 22640 Italy 
94 Mrk-0 6937 22635 Germany 
95 Ms-0 6938 22655 Russia 
96 Mt-0 6939 1380 Libya 
97 Mz-0 6940 22636 Germany 
98 N13 7438 22491 Russia 
99 N7 7449 22485 Russia 
100 Nd-1 6942 22619 Germany 
101 NFA-8  6944 22598 United Kingdom 
102 Nie1-2 98054 76402 Germany 
103 No-0 7275 3081 Germany 
104 Oy-0 6946 22658 Norway 
105 Petergof 7296 926 Russia 
106 Petro-1 98028 76370 Serbia 
107 Pla-0 7300 6834 Spain 
108 Pla-1 7301 1461 Spain 
109 Pla-3 7303 1464 Spain 
110 Pna-10 7526 22571 USA 
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Supplementary Table S1 Continued. 
 
Number Name GWAS_ID NASC_ID Origin 
111 Pna-17 7523 22570 USA 
112 Po-0 7308 6839 Germany  
113 Pu2-23  6951 22593 Czech Republic 
114 Pu2-7  6956 22592 Czech Republic 
115 Ra-0 6958 22632 France 
116 Ren-1  6959 22610 France 
117 Ren-11 6960 22611 France 
118 Rmx-A02 7524 22568 USA 
119 Rmx-A180 7525 22569 USA 
120 Rovero-1 98027 76351 Italy 
121 Roverod26   
Italy 
122 RRS-10  7515 22565 USA 
123 RRS-7  7514 22564 USA 
124 Rsch-4 8374 6850 Russia  
125 Se-0 6961 22646 Spain 
126 Sf-2 7328 1517 Spain 
127 Sha 98059 6180 Tadjikistan 
128 Shigu-2 98041 76374 Russia 
129 Sij-1 98017 76379 Usbekistan 
130 Sij-2 98018 76380 Usbekistan 
131 Sij-4 98019 9656 Usbekistan 
132 Slavi-1 98031 76419 Bulgaria 
133 Sorbo 6963 22653 Tajikistan 
134 Sq-1  6966 22600 United Kingdom 
135 Sq-8  6967 22601 United Kingdom 
136 Star-8 98060 76400 Germany 
137 Stepn-1 98037 76378 Russia 
138 Stepn-2 98036 76377 Russia 
139 Tamm-2 6968 22604 Finland 
140 Timpo-1 98011 76424 Italy 
141 Toufl-1 98035 76348 Morocco 
142 Ts-1 6970 22647 Spain 
143 Ts-5 6971 22648 Spain 
144 Tsu-0 7373 6874 Japan  
145 Tsu-1 6972 22641 Japan  
146 Tu-SB30-3 98061 76403 Germany 
147 Ull2-3  6973 22587 Sweden 
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Supplementary Table S1 Continued. 
 
Number Name GWAS_ID NASC_ID Origin 
148 Uod-1  6975 22612 Austria 
149 Uod-7  6976 22613 Austria 
150 Van-0 6977 22627 Canada 
151 Vash-1 9116 22754 Georgia 
152 Vezza63   
Italy 
153 Vezzano-2 98029 76349 Italy 
154 Voeran-1 98044 76352 Italy 
155 Wa-1 6978 1587 Poland 
156 Wal-HasB-4 98066 76408 Germany 
157 Wei-0 6979 22622 Switzerland 
158 Wil-2 7413 6889 Russia  
159 WS  7397  
Russia  
160 Ws-0  6980 1602 Russia 
161 Wt-5 6982 22637 Germany  
162 Wu-0  
6897 Germany  
163 Xan-1 9065 76387 Azerbaijan 
164 Yeg-1 9127 76394 Armenia 
165 Yo-0  6983 1623 USA 
166 Zdr-1  6984 22588 Czech Republic 
167 Zdr-6  6985 22589 Czech Republic 
168 Zu-0 7417 6902 Germany 
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Supplementary Table S2: Summary of rosette size in +Zn and -Zn. 
 
Accessions 
Mean 
(cm) 
Median 
(cm) 
Standard 
deviation 
Minimum Maximum Heritability 
+Zn 168 8.04 8.86 2.53 1.3 12.6 0.69 
-Zn 168 6.82 6.94 1.22 2.3 9.6 0.38 
 
 
Supplementary Table S3: One-way anova of rosette size in +Zn and -Zn. 
 
Source Df 
Sum 
square 
Mean 
square 
F  
value 
Pr(>F) 
Phenotype 
variance 
Genotype 
variance 
Residual 
error 
+Zn Genotypes 167 5453 32.65 14.47 <2e-16 7.33 5.07 2.26 
 
Residuals 709 1599 2.26 
     
-Zn Genotypes 167 1309 7.84 4.71 <2e-16 2.69 1.03 1.66 
 
Residuals 729 1213 1.66 
     
 
 
Supplementary Table S4: Cofactors in step-wise GWAS and explained 
variance. 
Step Chromosome Position 
% var. 
explained 
% gen. var. 
remaining 
% err. var. 
remaining 
0 
  
0 0.86 0.14 
1 1 23946852 0.33 0.55 0.12 
2 1 16581335 0.48 0.37 0.15 
3 2 19572960 0.59 0.27 0.14 
4 1 24327565 0.74 0.03 0.23 
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Supplementary Table S5: Significant SNPs identified in GWA. 
Chromosome SNP Phenotype -log10(p) MAC 
1 4325711 Zn sensitivity 6.37 17 
1 16581335 Zn sensitivity/Zn sensitivity_stepwise 6.49/10.21 15 
1 23253933 Zn sensitivity 5.94 30 
1 23946852 Zn sensitivity/Zn sensitivity_stepwise 7.37/12.89 19 
1 24327565 Zn sensitivity_stepwise 7.51 22 
1 27415858 Zn deficiency 6.64 55 
2 8932364 Zn sensitivity 5.94 15 
2 19572960 Zn sensitivity/Zn sensitivity_stepwise 5.46/8.81 23 
3 22959554 Zn sensitivity 6.37 20 
4 627989 Zn sensitivity 5.80 21 
4 1292368 Zn sensitivity 7.10 25 
4 16195683 Zn deficiency 6.71 19 
5 5918773 Zn sensitivity 5.96 33 
5 10138088 Zn sensitivity 5.48 19 
5 10499501 Zn sensitivity 6.83 39 
5 16773585 Zn sensitivity 8.62 22 
5 18589544 Zn sensitivity 6.34 15 
5 21365007 Zn sensitivity 5.40 34 
5 21393570 Zn sensitivity 5.91 15 
5 21416265 Zn sensitivity 5.49 18 
Note：MAC, minor allele count 
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Supplementary Table S6: List of genes used for enrichment analysis. 
Number AGI code Number AGI code Number AGI code 
1 AT1G64430 18 AT1G65470 35 AT4G01535 
2 AT1G64440 19 AT1G65480 36 AT4G01540 
3 AT1G64450 20 AT1G65481 37 AT4G01550 
4 AT1G64460 21 AT1G65483 38 AT4G01560 
5 AT1G64470 22 AT2G47700 39 AT4G01570 
6 AT1G64480 23 AT2G47710 40 AT4G01575 
7 AT1G64490 24 AT2G47720 41 AT4G01580 
8 AT1G64500 25 AT2G47730 42 AT4G01590 
9 AT1G64510 26 AT2G47750 43 AT4G01595 
10 AT1G64520 27 AT2G47760 44 AT4G01600 
11 AT1G64530 28 AT2G47770 45 AT4G01610 
12 AT1G43780 29 AT2G47780 46 AT4G01630 
13 AT1G43790 30 AT2G47790 47 AT4G01640 
14 AT1G43800 31 AT2G47800 48 AT4G01650 
15 AT1G43810 32 AT2G47810 49 AT5G27880 
16 AT1G65440 33 AT2G47820 50 AT5G27889 
17 AT1G65450 34 AT2G47830 51 AT5G27890 
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Supplementary Table S7: List of primers used in qRT-PCR. 
Gene Primer orientation Primer sequence 
FT Forward 5′-GGTGGAGAAGACCTCAGGAAC-3′ 
 
Reverse 5′-TCAGTCACCAACCAATGGAGAT-3′ 
SOC1 Forward 5′-TGGTGAGGGGCAAAACTCAG-3′ 
 
Reverse 5′-CAGCATCACAAAGCACTGAGAG-3′ 
FLC Forward 5′-GCCACCTTAAATCGGCGGTTG-3′ 
 
Reverse 5′-CACAAAGTCTCTTGGCCAAAGAGAGAG-3′ 
FLM Forward 5′-CTTCCTCCGGTGACGACATT-3′ 
 
Reverse 5′-AGGCTCTAAGTTCATCAGCATGT-3′ 
SVP Forward 5′-CGGAAAACTGTTCGAGTTCTGT-3′ 
 
Reverse 5′-CTGTTCTCAACCAGCTGTAACT-3′ 
CO Forward 5′-AGCCCCTTCTTTCAGATACCAG-3′ 
 
Reverse 5′-TGCCCTGTTGTTCTCTCCAC-3′ 
TPS1 Forward 5′-GAAACTCAAGACGTCCTTCACCAG-3′ 
 
Reverse 5′-TCTAGCATTGGTGCGAGTACG AC-3′ 
GA4 Forward 5′-CAACATCACCTCAACTACTGCGAT-3′ 
 
Reverse 5′-TTCGCTGACCCCAAGTGAAT-3′ 
FTM1 Forward 5′-GTTTACCGACCAGGTTCGTG-3′ 
 
Reverse 5′-CTCGTCCCTTACGCCATCAA-3′ 
ZIP1 Forward 5′-TGGATGTTTTTCGGCAACAACT -3′ 
 
Reverse 5′-CGCTTTCTCTGCTTCGTCTTG-3′ 
ZIP4 Forward 5′-GATCTTCGTCGATGTTCTTTGG -3′ 
 
Reverse 5′-TGAGAGGTATGGCTACACCAGCAGC-3′ 
ZIP5 Forward 5′-TGAGATAAATACATCGATCACTCCC-3′ 
 
Reverse 5′-CACTCGCATTTAGACTCGCC-3′ 
IRT3 Forward 5′-TCTCTCAGCAACAGAGTCCAT-3′ 
 
Reverse 5′-GACGGTTCCTGCCAATGAGT-3′ 
SAND Forward 5′-AACTCTATGCAGCATTTGATCCACT-3′ 
 
Reverse 5′-TGATTGCATATCTTTATCGCCATC-3′ 
PDF2 Forward 5′-TAACGTGGCCAAAATGATGC-3′ 
 
Reverse 5′-GTTCTCCACAAC^CGCTTGGT-3′ 
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6 Chapter III 
Natural genetic variation of seed micronutrients of Arabidopsis 
thaliana grown in zinc-deficient and zinc-amended soil 
Xiaochao Chen1, Lixing Yuan2 and Uwe Ludewig1* 
1Institute of Crop Science, Nutritional Crop Physiology, University of Hohenheim, 
Stuttgart, Germany 
2Key Laboratory of Plant-Soil Interaction, Ministry of Education, Center for Resources, 
Environment and Food Security, College Resources and Environmental Sciences, China 
Agricultural University, Beijing, China 
 
Abstract 
The quality of edible seeds for human and animal nutrition is crucially dependent on high 
zinc (Zn) and iron (Fe) seed concentrations. The micronutrient bioavailability is strongly 
reduced by seed phytate that forms complexes with seed cations. Superior genotypes 
with increased seed Zn concentrations had been identified, but low micronutrient seed 
levels often prevail when the plants are grown in Zn-deficient soils, which are globally 
widespread and correlate with human Zn-deficiency. Here, seed Zn concentrations of 
Arabidopsis accessions grown in Zn-deficient and Zn-amended conditions were 
measured together with seed Fe and manganese (Mn), in a panel of 108 accessions. By 
applying genome-wide association, de novo candidate genes potentially involved in the 
seed micronutrient accumulation were identified. However, a candidate inositol 1,3,4-
trisphosphate 5/6-kinase 3 gene (ITPK3), located close to a significant nucleotide 
polymorphism associated with relative Zn seed concentrations, was dispensable for 
seed micronutrients accumulation in Col-0. Loss of this gene in itpk3-1 did neither affect 
phytate seed levels, nor seed Zn, Fe, and Mn. It is concluded that large natural variance 
of micronutrient seed levels is identified in the population and several accessions 
maintain high seed Zn despite growth in Zn-deficient conditions. 
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7 General discussion 
7.1 How to limit Zn bioavailability in Arabidopsis? 
As a micronutrient, a small amount of  Zinc (Zn) is enough for plant growth and 
development; 20 µg g-1 Zn was reported to be sufficient for adequate plant 
growth (Marschner, 2012). Thus it is a problem to achieve a Zn-deficiency effect 
in small-biomass plants like Arabidopsis thaliana. In addition, chemicals and 
water inevitably contain Zn though distilled water was used. Our nutrient 
analyses also found that around 40 µg g-1 Zn exists in Arabidopsis seeds across 
around 100 accessions (Chen et al., 2016). Such amount of Zn may also be 
sufficient to support plant growth for some time. In this case, first problem I had to 
solve was how to reduce Zn concentrations in Arabidopsis. 
    Hydroponic culture is an ideal solution to perform nutrient experiments as the 
nutrient components are concisely controlled, and it is beneficial for root analysis. 
So in most cases, root experiments were conducted in hydroponic culture when 
investigating nutrient functions, such as for nitrogen and phosphorus (Gruber et 
al., 2013; Wang et al., 2014; Yang et al., 2015). Whereas soil culture is able to 
represent natural conditions and limits nutrient bioavailability as well. In this study, 
I used hydroponic system for the first experiment due to the required sequencing 
of root samples. For the second and third experiments, soil culture was 
performed as I just investigated leaves, flowers and seeds; and Zn bioavailability 
was also more limited in soils.  
    In addition to the culture medium, another factor to be considered was to 
select a proper accession. In the first experiment, I selected a late-flowering 
accession Sf-2 for microarray analysis and whole-genome bisulfite sequencing, 
as which produces a higher biomass to dilute Zn concentration in plants. 
Whereas in other experiments, Col-0 was chosen for detailed genetic validation, 
as the specific mutants are available in Col-0 background. 
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7.2 How to perform a powerful GWAS? 
As an outstanding output of next-generation sequencing, genome-wide 
association study (GWAS) is becoming a straightforward tool in identification of 
causal genetics for interested biological questions (Nordborg and Weigel, 2008; 
Weigel, 2012; Ogura and Busch, 2015). In Arabidopsis, the landmark GWAS was 
conducted by Atwell et al. (2010) on 107 phenotypes, using 126,130 SNPs and 
96-199 natural accessions (Atwell et al., 2010). The diverse set of phenotypes 
was related to flowering, ionomics, development and disease resistance. Since 
then, a series of GWAS were performed on Arabidopsis, especially in the field of  
leaf nutrients and flowering time (Baxter et al., 2010; Brachi et al., 2010; Li et al., 
2010; Chao et al., 2012; Chao et al., 2014a; Meijón et al., 2014; Chao et al., 
2014b; Rooijen et al., 2015). However, not all analyses provided powerful 
associations, as the GWAS results rely on the applied population size and traits. 
If a trait is controlled by a small number of large-effect loci, then the loci are likely 
identified with a small panel of accessions. However, many traits are regulated by 
a large number of small-effect loci. In this case, large population can be used to 
improve the association power (Korte and Farlow, 2013; Ogura and Busch, 2015). 
In most cases, over 300 accessions were used for a successful GWAS in 
Arabidopsis (Li et al., 2010; Baxter et al., 2012; Chao et al., 2014a; Chao et al., 
2014b), but in our study, the plant materials were limited and just 168 
Arabidopsis accessions were available. Nevertheless, 96 accessions have also 
been reported to be successful in some cases (Atwell et al., 2010). Therefore, I 
just used this small panel for all GWAS. 
With 147 accessions, GWAS did not produce any significant SNP (p<0.05) for 
rosette size under +Zn (control) soil, but 2 SNPs under –Zn (deficiency) soil.  
Then the Zn sensitivity was calculated, which indicates the relative reduction of 
rosette size due to Zn deficiency. Interestingly, 17 significant SNPs were 
identified by GWAS for Zn sensitivity. As a more Zn-specific trait, Zn sensitivity 
greatly increased the power in GWAS. However, significant SNPs were more 
difficult to generate in seed nutrient experiment. The reason might be that the 
used panel was only around 100 accessions, which strongly limited the 
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association power. Alternatively, seed nutrient is a more complicated trait to 
identify the underlying genetics, as its accumulation depends on a series of 
complex processes: the ion bioavailability in soils, uptake efficiency by roots, 
translocation to shoot and loading into seeds (Grusak and DellaPenna, 1999; 
Olsen and Palmgren, 2014). Hence, the only significant SNP produced by GWAS 
was conducted for relative Zn concentration. Relative Zn was calculated as Zn / 
(Zn + Fe + Mn), which is likely to reflect the correlation between Zn and other two 
micronutrients Fe and Mn, especially Fe, as it is extremely higher than Mn. 
 
7.3 How does Arabidopsis thaliana respond to Zn deficiency? 
Plants have developed a series of strategies to adapt to environmental stress, 
such as nutrient deficiencies. Plant roots show a strong morphological plasticity 
in response to nutrient deficiencies (Gruber et al., 2013). For example, 
phosphorus (P) deficiency produced a shallower but more highly branched root 
system. In addition, P deficiency decreased the lateral root length of first order, 
but increased that of second order (Gruber et al., 2013). In regard of Zn, Gruber 
et al. (2013) reported that primary root length was unaffected by Zn deficiency, 
whereas Jain et al. (2013) showed a reduction of primary root length under Zn 
deficiency condition (Gruber et al., 2013; Jain et al., 2013). The inconsistent 
conclusions indicate the complexity of Zn-deficiency experiments in practice. 
Nevertheless, both studies presented an increment of lateral root density, 
especially the first order lateral roots. Despite the limit responses in the root 
system to Zn deficiency, transcriptional changes still widely occur in roots (Grotz 
et al., 1998; Mortel et al., 2006; Krämer et al., 2007; Lin et al., 2009; Assunção et 
al., 2010). Together with transcriptional responses, I further investigated 
epigenetic changes in roots. Moreover, responses in flowering time, leaf size and 
seed mineral nutrients were also analyzed. 
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7.3.1 Transcriptional and epigenetic responses to Zn deficiency in roots 
Previous microarray analysis identified over 300 differentially expressed 
transcripts in response to Zn deficiency (Mortel et al., 2006). The limited 
identification in this study might be a consequence of the heterogeneity among 
the three biological replicates. Indeed, another 50 transcripts, including additional 
Zn transporters, appeared in regard of 4-fold expression intensity between two 
Zn treatments, irrespective of the adjusted p value which was set as 0.05 before. 
On the other hand, the relatively late harvest developmental stage (long days in 
this study, compared to short days in the previous microarray analysis (Mortel et 
al., 2006)), potentially induced nutrient reallocation to the following reproductive 
growth. Secco et al. (2015) also found that large amount phosphate-deficiency 
responsive genes were recovered at 52 days compared to 21 days due to floral 
transition in rice (Secco et al., 2015). Nevertheless, this study still presented 15 
differentially expressed transcripts in adaptation to Zn deficiency. 
ZIP (ZRT, IRT-LIKE PROTEIN) family genes are important Zn transporters in 
Arabidopsis, including ZIP1 to ZIP5, ZIP9 to ZIP12 and IRT3, which were highly 
expressed under Zn deficiency (Grotz et al., 1998; Guerinot, 2000; Mortel et al., 
2006; Krämer et al., 2007; Lin et al., 2009). In addition to ZIP, HMA2 (HEAVY 
METAL ATPASE 2)  and HMA4 are known to be involved in the Zn loading from 
root symplast to xylem (Olsen and Palmgren, 2014). Indeed, microarray analysis 
and qRT-PCR results found that the expression levels of ZIP1, ZIP3, ZIP4, ZIP5, 
IRT3 and HMA2 were increased under Zn deficiency condition in roots. Further, 
NAS2 (NICOTIANAMINE SYNTHASE 2) and NAS4 were characterized as well in 
microarray analysis, because Zn-nicotianamine complex is the major form to 
travel Zn (Mortel et al., 2006; Deinlein et al., 2012; Clemens et al., 2013). 
Interestingly, four defensin-like proteins were strongly up-regulated upon Zn 
deficiency. There is limited research about why and how these genes function 
biologically to regulate the Zn uptake (Zargar et al., 2014). However, I found that 
these defensin-like genes contain the specific Zn binding motif in promoters 
(unpublished data). The motif (RTGTCGACAY) was identified by Assunção et al. 
(2010), which was bound by transcription factors BZIP19 (BASIC-REGION 
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LEUCINE ZIPPER 19) and BZIP23  (Assunção et al., 2010). Therefore, these 
defensin-like genes are likely non-functional, which are just recognized by trans-
acting elements in response to Zn deficiency. Another up-regulated transcript is 
PAP27 (PURPLE ACID PHOSPHATASE 27), which was also reported previously 
in Zn-deficiency studies, but the biological function remains unclear (Mortel et al., 
2006; Assunção et al., 2010). Surprisingly, TFL1 (TERMINAL FLOWER 1) was 
significantly down-regulated in roots under Zn deficiency. TFL1 acts as a floral 
inhibitor and controls plant architecture in Arabidopsis (Bradley et al., 1997; 
Ratcliffe et al., 1998; Ferrandiz et al., 2000; Kim et al., 2013). However, this study 
did neither identify floral promotion nor leaf architecture alteration under Zn 
deficiency. 
Gene transcription is regulated by several epigenetic mechanisms, including 
DNA methylation, histone modifications and small-interfering RNA (siRNA) 
pathways (Henderson and Jacobsen, 2007; Zhang, 2008; Chen, 2009; Liu et al., 
2010; He et al., 2011). To understand how epigenetics affect gene transcription 
upon Zn deficiency, this study also investigated the single base-resolution DNA 
methylome via whole-genome bisulfite sequencing. A similar study was 
conducted in phosphate (P) deficiency in rice previously (Secco et al., 2015). P 
deficiency drove DNA hypermethylation in transposable elements (TEs) that are 
proximal to the P deficiency responsive genes; and those hypermethylation 
predominantly occurred in CHH contexts. The de novo CHH methylation was 
reported to be more flexible to environmental stress (Dowen et al., 2012; Dubin et 
al., 2015). However, Zn deficiency eliminated DNA methylation in TEs (all 
contexts) and gene bodies (CpG contexts) as well. These observations 
implicated nutrient-specific and species-specific effects on the DNA methylation 
response. Moreover, limited contribution of Zn deficiency-induced DNA 
demethylation to gene transcription was observed. The independence of DNA 
methylation and gene transcription in this case implied either the Zn-specific 
effect, or showed consistency to the finding that methylation is a consequence of 
transcription rather than a cause (Teixeira and Colot, 2009; Inagaki and Kakutani, 
2012). Another example is that the Arabidopsis accession Cvi-0 presented much 
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less methylation, but a similar whole-genome transcription level, in comparison to 
other accessions (Kawakatsu et al., 2016). 
Overall, this study successfully presented Zn-deficiency effect in Arabidopsis, 
which was confirmed via the microarray analysis. However, the correlation 
between DNA methylation and gene transcription in response to Zn deficiency 
was complex. 
7.3.2 Zn-dependence of flowering and leaf size 
A basic principle of plant nutrition is that plants produce maximal biomass when 
all nutrients are adequately supplied (Marschner, 2012). Indeed, I found that 67% 
of Arabidopsis accessions (126 of 168) produced larger leaf size under adequate 
Zn condition, whereas the other 42 accessions produced larger leaf size under 
Zn deficiency condition. By performing genome-wide association mapping, FT 
(FLOWERING LOCUS T) was identified regulating the abnormal Zn regulation. 
FT is the central floral integrator in Arabidopsis, which is a floral promoter (Kim et 
al., 2009; Fornara et al., 2010; Jarillo and Piñeiro, 2011). These results indicated 
that flowering is involved in Zn-dependence of leaf growth. Hence I further 
determined the relationship between flowering time and leaf size, two traits with 
typically minor correlation (Levey and Wingler, 2005; Atwell et al., 2010). 
Interestingly, positive correlation only existed between two traits in 71 early-
flowering accessions, suggesting that plants grew larger leaf when flowered later 
in early-flowering Arabidopsis. Therefore, I further asked how Zn regulates 
flowering and life size genetically. 
The transition to flowering is controlled by several pathways, such as 
photoperiod, temperature, vernalization, gibberellin and sugar pathways (Searle 
and Coupland, 2004; Fornara et al., 2010; Capovilla et al., 2014; Bouché et al., 
2016). In addition to these canonical pathways, nutrient deficiency was another 
environment cue affecting flowering time. For example, the macronutrients nitrate 
and phosphate act in an antagonistic way, as nitrate deficiency promotes and low 
phosphate delays flowering in Arabidopsis (Kant et al., 2011). Notably, this study 
found that Zn deficiency inhibited flowering in Arabidopsis in soil condition where 
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is more efficient to limit Zn bioavailability. Zn-dependence of flowering was not 
regulated by those canonical flowering pathways, revealed by the qRT-PCR 
results. However, the flowering regulation by Zn only occurred in early-flowering 
Arabidopsis accessions (such as Col-0). The flowering time was unaffected by Zn 
stress in natural late-flowering accessions (such as Sf-2), or artificial late-
flowering plants (Col-0 grown in low temperature). On the other hand, in the 
artificial early-flowering plants (Sf-2 grown after vernalization), Zn deficiency 
again repressed flowering time. Due to the inhibition of flowering time under Zn 
deficiency, vegetative growth was prolonged resulting in a large leaf size. Loss of 
the FT in ft-10 mutant plants, Zn-dependence of flowering and leaf size was 
eliminated. 
Final leaf size are ultimately controlled by the complex coordination of 
primordium size, cell proliferation and cell expansion (Gonzalez et al., 2012; 
Powell and Lenhard, 2012). To get insight into the underlying mechanism behind 
the promoted leaf in lower FT plants induced by Zn deficiency, the leaf length, 
petiole and cell sizes were documented during leaf growth. Interestingly, leaf size 
and petiole size started to be distinguishable between Zn treatments unless 
plants flowered, consistent with the repressing signal of leaf growth when 
flowering. Moreover, the difference in leaf size was proved to be causal from cell 
number, but not cell size via microscope confocal images. As generally nutrient 
deficiencies promote flowering in Arabidopsis (Kolář and Seňková, 2008), the 
observed flowering delay and leaf size promotion may be Zn-specific. Taken 
together, I concluded that Zn deficiency inhibited FT expression resulting in late 
flowering; as flowering inhibited cell proliferation, hence Zn deficiency promoted 
leaf size. 
7.3.3 Seed Zn accumulation under adverse Zn deficiency condition 
Hidden hunger is becoming a major threat to human, due to the malnutrition and 
micronutrient deficiencies (e.g. Zn and Fe) in diets. Available seed Zn 
concentration is strongly restricted by soil Zn deficiency, elevated CO2 and 
phytate (Cakmak, 2007; Alloway, 2008; Raboy, 2009; Lei et al., 2013; Loladze, 
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2014; Myers et al., 2014). Indeed, this work presented that soil Zn deficiency 
reduced seed Zn concentration from 47.4 μg g-1 to 31.3 μg g-1 across around 100 
Arabidopsis accessions. Interestingly, few accessions still maintained seed Zn 
levels under Zn deficiency. For example, Zn concentration of Ts-1 was 37.16 μg 
g-1 and 39.33 μg g-1 in +Zn (control) and in -Zn (deficiency), respectively. This 
implied that there are genetic backgrounds in which high Zn is maintained in 
seeds even under -Zn growth. How these genotypes manage higher seed Zn is 
an interesting target for future research, to genetically improve the seed Zn 
content in the adverse Zn deficiency condition. Substantial natural variation in 
seed Zn concentration was found under both Zn conditions, providing the 
possibility to identify the underlying genetics. However, genome-wide association 
mapping did not yield any significant SNP in regulating seed Zn. The limited 
power in association mapping might be attributed to the small panel of 
accessions used in this study, whereas the seed nutrient is a complicated trait 
controlled by a series of processes, which is likely controlled by many small-
effect loci (Olsen and Palmgren, 2014; Ogura and Busch, 2015).  
Together with Zn, Fe and Mn concentration were analyzed as well. It was 
expected that Zn deficiency increases the Fe and Mn accumulation (especially 
Fe), as they partially share the same transporters. For example, Fe transporter 
IRT3 (IRON REGULATED TRANSPORTER 3) is also overexpressed in roots 
under Zn deficiency conditions (Mortel et al., 2006; Lin et al., 2009). However, 
this was observed only in part of accessions, suggesting that the ultimate 
nutrients accumulation in seeds is more complicated than the root uptake. 
Similarly, previous reports found that the concentrations of Arabidopsis leaf 
minerals are a poor proxy for seed minerals (Ghandilyan et al., 2009; Baxter et 
al., 2012). 
Nevertheless, association mapping still identified ITPK-3 (Inositol 1,3,4-
trisphosphate 5/6-kinase family protein) as the candidate gene affecting Zn 
accumulation. ITPK-3 was expected to be ideal as the phytate strongly chelates 
Zn (Raboy, 2009; Kumar et al., 2010; Lei et al., 2013). However, the itpk3 mutant 
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plants maintained Zn and phytate content compared to the wild type. The 
invalidation revealed that the significant SNP might be false positive due to the 
limited mapping population size and population structure (Atwell et al., 2010; Platt 
et al., 2010; Segura et al., 2012; Ogura and Busch, 2015). Alternatively, other 
neighboring genes are causal for the variation in seed minerals, which cannot be 
confirmed currently due to the unavailable mutants. 
7.4 Future perspectives 
The presented findings show that limited contribution of Zn deficiency-induced 
DNA methylation to gene transcription in roots in Arabidopsis. However, it still 
remains unclear how histone modification and siRNAs affect gene transcription in 
response to Zn deficiency. SiRNAs play crucial roles in establishing de novo 
methylation, thus it might be also repressed by Zn deficiency where DNA 
methylation is eliminated. Histone modification (as well as chromatin structure) is 
pretty interesting to be investigated under Zn deficiency due to the specific Zn-
finger domain. For example, it was reported that acute dietary Zn deficiency 
before conception compromises oocyte epigenetic programming and disrupts 
embryonic development in mice (Tian and Diaz, 2013). There was a dramatic 
decrease in histone H3K4 trimethylation and global DNA methylation in Zn 
deficient oocytes. In addition, single-cell epigenetics is particularly informative as 
the general bisulfite sequencing arbitrarily mixes the epigenetics changes 
together, whereas the cell-specific effect widely exists in response to 
environmental conditions. Moreover, the Zn deficiency response motif 
(RTGTCGACAY) is bound by bzip19 and bzip23 in response to Zn deficiency, 
how this motif be methylated is also valuable to investigate in the future. Recently, 
the 1001 Genomes Consortium published the genome, transcriptome and DNA 
methylome data in 1135 Arabidopsis natural accessions (Alonso-Blanco et al., 
2016; Kawakatsu et al., 2016), which will be greatly beneficial to evaluate 
transcriptional and methylation adaptation in different tissues for different 
accessions. 
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    Nutrient-dependence of flowering time is becoming a very important topic. 
Here I showed a novel insight in Zn-regulation of flowering time and biomass, 
which might be just Zn-specific. However, the mechanism of the interaction 
between Zn and flowering genes is unclear at molecular and biochemical levels, 
as the Zn-regulation is independent of other canonical flowering pathways. It 
would be interesting to identify whether it is achieved by epigenetics, such as the 
repression of FLC by histone modifications, the regulation of SUPERMAN and 
FWA by DNA methylation. 
    Superior nutrition of seeds is a vital pursuit for crop breeders and agronomists, 
but as being limited by the small panel in this study, association mapping did not 
yield powerful results. Further research can enlarge the mapping population and 
combine with QTL mapping for stronger identifications. Further, it is particularly 
essential to “release” the minerals from phytate in seeds and increase the 
mineral bioavailability. Alternatively, a reduced production of phytic acid without 
affecting mineral uptake could also prevent Zn malnutrition. Nevertheless, those 
accessions maintaining seed Zn concentrations under Zn deficiency are worthy 
to investigate further to potentially overcome Zn deficiency in plants and humans. 
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